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Abstract

The work described in this thesis can be divided into two parts. The first part is concerned
with the production of degenerate Fermi gases and Bose-Fermi mixtures. The second part
of the thesis describes studies of strongly interacting spin-mixtures of ultracold fermions.

We have cooled a magnetically trapped spin-polarized 6Li Fermi gas into quantum degen-
eracy by sympathetic cooling with bosonic 23Na. In order to do this, we have converted our
previously developed apparatus for Bose-Einstein condensation of 23Na into a two-species
cooling facility. We have produced 6Li samples with up to 7 × 107 atoms at temperatures
below 0.5TF , and up to 3× 107 atoms at temperatures as low as 0.05TF . Further, we have
also produced stable quantum degenerate mixtures of 23Na and 6Li, with several million
atoms of each species.

In a second set of experiments, we have studied strongly interacting spin-mixtures of
6Li. The strength of interactions was resonantly controlled by applying a magnetic field
and tuning to “Feshbach resonances”, which occur when the total energy of the colliding
particles coincides with the energy of a bound molecular state. These studies are relevant
for the continuing quest for a superfluid transition in a Fermi gas.

By studying the inelastic decay of the cloud, we have experimentally identified two
Feshbach resonances for the inter-state interactions of the two lowest ground states of 6Li.
Most importantly, we found that the lifetime of the strongly interacting system is long
enough to observe a superfluid transition in the future.

The effects of the coherent collisions in 6Li spin-mixtures were studied using radio-
frequency (RF) spectroscopy. We demonstrated the absence of mean field “clock shifts” in
a two-state mixture of fermions, and have introduced a three-level method to observe the
interaction energy shifts. In the strongly interacting regime, near a Feshbach resonance, we
have observed universal behavior of the interaction energy, independent of the value of the
scattering length.

Finally, we have theoretically studied the effects of Pauli blocking during a free expansion
of a degenerate Fermi gas. We have concluded that a strongly interacting normal gas will
undergo a hydrodynamic expansion even at zero temperature, due to inefficiency of the
Pauli suppression of collisions. Therefore, the already observed hydrodynamic expansion
cannot be conclusively interpreted as a signature of superfluidity.

Thesis Supervisor: Wolfgang Ketterle
Title: John D. MacArthur Professor of Physics
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Chapter 1

Introduction

I was one of seventeen children. We were all named Wilkinson...
I would’ve liked to’ve bin an only child.

That way when someone shouts Wilkinson, you know if it’s you or not.

Neil Gaiman, A Game of you

1.1 Of Bosons and Fermions

All particles in nature can be divided into two categories according to their “social behavior”.

While identical bosons like to stick together, identical fermions avoid each other at all costs.

Atoms fall into one of the two categories depending on the total number of protons, neutrons

and electrons that they are made of. If this number is even, the atom is a boson; if it is odd,

the atom is a fermion. In this thesis we will be mostly concerned with two atomic species,

one fermionic - 6Li, and one bosonic - 23Na.

At a quantum mechanical level, the world is discrete, partitioned into unit cells of finite

size. Alternatively, we say that a particle can occupy only a discrete set of “quantum

mechanical states”, which correspond to different energies. While identical bosons like

being in the same state, no more than one identical fermion can occupy the same unit cell.

Naturally, the question whether two particles like each other or not, arises only if they

actually meet. The probability that this happens distinguishes “classical” from “quantum

degenerate” gases. In a classical gas, such as the air around us, the meeting probability

is low, and hence it is not important whether the particles are fermions or bosons. In

this case, only a small fraction of energetically available quantum states in the system is

occupied by atoms. The issue whether two atoms would want to (bosons), or could not

(fermions) occupy the same state then rarely arises.

However, if we cool the gas to very low temperatures, this greatly reduces the energy

available to the atoms, and hence the choice of states that they can occupy. The differences

12



between Bose and Fermi atomic gases become pronounced once the number of energetically

available states in the system is reduced approximately to the number of particles.

In the quantum degenerate regime, bosons pile up in the lowest energy state and form

a “Bose-Einstein condensate” (BEC). Fermions on the other hand are forced to occupy

different states, and form a “Fermi sea”. This is illustrated in Fig. 1-1 for the case of atoms

trapped in a parabolic potential well.

BEC

�����

Fermi Sea

decreasing temperature

classical gas cold

Bosons

Fermions

BEC

�����

Fermi Sea

decreasing temperature

classical gas cold

BEC

�����

Fermi Sea

BEC

decreasing temperature

classical gas cold

degeneracy 
temperature

en
er

gy

Figure 1-1: Classical, Bose and Fermi gases. The atoms occupy a discrete set of quantum
states corresponding to different energies. At high temperatures, there is no distinction
between Bose and Fermi gases. Here, the occupied states are few and far between. As we
lower the temperature of the gas, the atoms fall into lower and lower energy states. A fork
in the road occurs once neighboring states start being occupied. At this point, the atoms
have to decide whether they want to move in together or not. Bosons decide to all pile up
in the same state. Fermions on the other hand each keep a state to themselves, even though
this is much more energetically expensive.

1.1.1 Bose-Einstein condensates - a success story

In 1995, atomic physicists have successfully cooled bosonic gases into quantum degener-

acy [10–12]. The story of BEC is one of great success, and has by now been told many

times. What started as the quest for the demonstration of the BEC, has lent itself to much

broader research, both in conventional atomic physics and in what has traditionally been

the area of condensed matter physics. A good summary of the BEC history is provided

by the 2001 Nobel Prize lectures of Eric Cornell and Carl Wieman [13], and Wolfgang

Ketterle [14].

Broadly speaking, atomic BECs are fascinating for two reasons. First, they give us

an almost textbook example of a weakly interacting superfluid, much more amenable to

theoretical calculations than the strongly interacting 4He liquid. Further, in atomic systems
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we can relatively easily manipulate the strength of the particle interactions, as well as change

their nature from repulsive to attractive and vice versa. This makes BECs an ideal test bed

for fundamental many-body theories.

Second, atomic BECs are truly macroscopic coherent matter waves. This makes them

extremely bright sources for a range of atom optics applications1, from precision measure-

ments of fundamental constants, to development of novel navigation instruments.

1.1.2 Quantum degenerate fermions

A natural complement to BEC research is to produce and study a quantum degenerate

gas of Fermi atoms. After the pioneering work by DeMarco and Jin in 1999 [15], this

subfield has gained its own momentum, and it is now becoming increasingly obvious that it

will provide (at least) as much excitement. So far, six experimental groups have achieved

quantum degeneracy in either 40K [15, 16] or 6Li [1, 17–19].

Like their Bose counterparts, these systems offer a great flexibility in tuning the exper-

imental parameters such as particle number, density, strength of interactions, spin compo-

sitions or the temperature.

One particularly interesting prospect of this research is the attainment of fermionic

superfluidity in a gaseous system. In analogy with superconductors or superfluid 3He, at

low enough temperatures and for attractive effective interactions, fermionic atoms can pair

up into bosonic Cooper pairs [20], and undergo a phase transition into a superfluid state.

Due to the widely tunable experimental parameters, studies of superfluidity in an atomic

Fermi gas could provide a more general understanding of the pairing mechanisms in a range

of very different systems, from solids to neutron stars and the quark matter [21].

Experimental studies of ultracold Fermi systems in the regimes of strong and control-

lable interactions are already well underway [3, 5, 22–30]. According to some theories of

superfluidity in a Fermi gas [31–42], the combination of the temperature and the attractive

interactions required for the phase transition is already within experimental reach. One

of the main current experimental challenges is to identify an effective way to observe the

transition.

1.1.3 Bose-Fermi mixtures

Finally, given that all particles obey one of the only two types of quantum statistics, the

scientific motivation for producing and studying quantum degenerate mixtures of Bose and

Fermi atoms is obvious. A classic example of such a degenerate Bose-Fermi system is the

strongly interacting 4He−3He mixture.

A single experimental apparatus in which degenerate gases of either kind could be pro-

duced, as well as their mixtures, then seems like an omnipotent solution.

1In the field of “atom optics”, we manipulate matter waves in the ways that we are used to manipulating
light - reflect them off mirrors, focus them with lenses, interfere them, or diffract them off gratings.
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This thesis describes the production of a degenerate Bose-Fermi mixture of 23Na and
6Li [1, 2]. In other current experiments, degenerate mixtures of 7Li and 6Li [17, 18], as well

as 87Rb and 40K [16], are also being produced.

1.2 Trapped ultracold gases

To get a sense of scale, let us introduce some basic experimental parameters of ultracold

atomic clouds.

1.2.1 How cold is cold enough?

We can quantify the level of quantum degeneracy in a gas in terms of the phase space

density:

ρ = nλ3dB (1.1)

where n is the gas density, and λdB = h/
√
2πmkBT is the thermal deBroglie wavelength,

which measures the size of the quantum wave packets describing individual atoms. For

ρ ¿ 1, there is no distinction between fermions and bosons. The cross-over to quantum

degeneracy occurs at a temperature for which ρ ∼ 1. At this point, the “size” of the atoms

becomes comparable to the typical distance between two particles in the gas, and the atoms

start “feeling each other” in real space. For an atomic gas with the same density as air, the

degeneracy temperature would be about 10mK.

However, an additional problem in producing an atomic quantum gas is that at such

low temperatures, most substances will become solid, or at least liquid, before quantum

degeneracy is reached. We cannot really solve this problem, but we can postpone it. In

order to turn into a solid, an atomic gas starts off by creating molecules, which then combine

into larger and larger clusters. For this process to start, several atoms must be found in

the same place at the same time. If the gas density is very low, the probability of this

happening is greatly reduced and the process is slowed down.

In order to perform our experiments, we must make sure that the gaseous state has a

lifetime of seconds to minutes. This requires that the gas density is about a million times

lower than the density of air. The typical degeneracy temperature is then reduced to about

1µK, i.e. one millionth of a degree above absolute zero.

1.2.2 The µK containers for atoms

Ultracold atomic clouds are too fragile to be put in contact with any material object.

The only place where they live long enough is in ultra high vacuum (UHV), levitating in

free space electromagnetic traps. Even if it is not in contact with any material object, a

trapped ultracold gas will eventually be destroyed by collisions with the background gas
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in the chamber, which is at room temperature. In order to give our samples a respectable

lifetime, of about one minute, the pressure inside the vacuum chamber must be kept below

10−11Torr, about 1014 times lower than the atmospheric pressure.

Usual traps are parabolic, or harmonic, like those illustrated in Fig. 1-1. The char-

acteristic trapping frequency, with which the atoms oscillate around the bottom of the

trap, is ω ∼ 2π × 100Hz. The typical size of an ultracold, µK atomic cloud is then

R =
√

kBT/(mω2) ∼ 50µm.

In a cloud containing N atoms, the density in the center of the trap is approximately

n ∼ N/R3, and we can rewrite Eq. 1.1 as ρ ∼ N(~ω/kBT )3. We thus most commonly

express the degeneracy criterion ρ ∼ 1, as:

kBTDEG ∼ ~ωN1/3 (1.2)

where the number of atoms in a degenerate gas is typically N ∼ 106.

To summarize, a typical quantum degenerate atomic cloud is a million times thinner

than air, and contains about a million atoms, at a temperature of one millionth of a degree

above absolute zero.

1.3 Outline of this thesis

The first part of this thesis describes the production of degenerate Fermi gases and Bose-

Fermi mixtures [1, 2]. In Chapter 2, I introduce our cooling strategy and all the technical

developments which were needed in order to convert our previously built sodium BEC

apparatus into a joint 23Na−6Li experimental facility. Our results on simultaneous cooling

of lithium and sodium into quantum degeneracy are summarized and discussed in Chapter 3.

The second part of the thesis, consisting of Chapters 4 - 8, is dedicated to interact-

ing Fermi gases. Chapter 4 provides some theoretical background - I discuss the types of

collisions which occur in spin-mixtures of fermions, how the interactions can be externally

controlled near “Feshbach resonances”, and the possibility of achieving fermionic superflu-

idity. In Chapter 5, I briefly introduce the additional experimental techniques needed for

studies of 6Li in the strongly interacting regime. Chapters 6 - 8 describe our experimental

and theoretical studies of different types of interactions in ultracold Fermi clouds [3–6].

Each of these three chapters is dedicated to one type of collisions - inelastic [3], incoherent

elastic [4], and coherent [5, 6].

Finally, some more technical aspects of the 6Li laser system, as well as the reprints or

preprints of four publications [1, 2, 5, 6], are included in Appendices at the end of the thesis.
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Chapter 2

Two-species apparatus for cooling

of 6Li and 23Na

This chapter describes the “development” phase of our two-species experiment, namely our

cooling strategy, the technical additions to the previously existing BEC apparatus, and the

simultaneous production of laser cooled 6Li and 23Na samples. This is the starting point for

the production of quantum degenerate Fermi and Bose-Fermi gases, which will be described

in Ch. 3.

2.1 Sympathetic cooling of fermions

2.1.1 Why two species?

All experiments with quantum degenerate alkali gases rely on two classes of cooling meth-

ods - laser cooling, and evaporative cooling [43, 44]. Evaporative cooling of Bose gases

is most commonly performed with magnetically trapped spin-polarized samples. As will

soon become apparent, this simplistic approach cannot be taken in cooling of fermions into

quantum degeneracy.

All laser cooling methods, such as Zeeman slowing, magneto-optical trapping, or polar-

ization gradient cooling, are independent of the quantum statistics of the cooled atoms, and

work equally well for bosons and fermions. The reason for this is that all these methods

rely on fundamentally single-particle physics concepts - each atom interacts with the laser

fields independently. Further, currently produced laser cooled atomic samples are almost

always far away from quantum degeneracy, and the atoms are classical with respect to their

external degrees of freedom.

Evaporative cooling on the other hand is fundamentally a two-particle physics concept.

Most energetic atoms are selectively removed from the (magnetic or optical) trap, taking

away more than their share of energy, and leaving the remaining atoms to rethermalize

at a lower temperature. Both the population of the wings of the energy distribution,
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and the subsequent thermalization of the sample, rely on binary collisions between atoms.

At ultralow temperatures, this process does depend on quantum statistics. Specifically,

evaporative cooling would not work in a spin polarized Fermi gas. The reason is obvious -

since all particles are in the same spin state, the two-particle wave function is necessarily

symmetrized in spin space, and hence must be anti-symmetric in real space. This prevents

s−wave collisions, while higher order partial waves are suppressed at low temperatures

by the centrifugal barrier. We can estimate the energy (or temperature) threshold for

p−wave collisions to be kBTp−wave ∼ ~2/(2mR2). Here, R is the range of the inter-particle

interaction, and hence the maximum allowed impact parameter. Without knowing the

details of the molecular potential curves, we can estimate R to be on the scale of a “garden

variety” s−wave scattering length, say a few nm1. This implies a p−wave threshold on a mK

scale, while a typical temperature of quantum degeneracy is on the µK scale. Suppression

of higher order partial waves is even more drastic. The collisions thus freeze out long before

degeneracy can be reached. Recently, Regal and Jin [24] have demonstrated that p−wave
interaction could be enhanced near a Feshbach resonance (see Chapter 4) sufficiently to

enable evaporative cooling. However, this enhancement is accompanied by strong inelastic

losses, and does not offer much promise for a practical cooling strategy.

The way to overcome these problems is to employ some form of “sympathetic” cooling

between two distinguishable types of particles. In this scenario, thermalization of fermions is

mediated by inter-species collisions. The two distinguishable species can be two spin states

of the same atom [15, 19], two different isotopes of the same chemical element [17, 18], or

two different chemical elements [1, 16]. Taking this approach, six experimental groups have

thus far achieved quantum degeneracy in Fermi gases of either 40K[15, 16] or 6Li[1, 17–19].

2.1.2 Why a boson and a fermion?

In addition to the obvious scientific appeal of allowing for studies of degenerate Bose-Fermi

(BF) mixtures, BF sympathetic cooling has several advantages over its Fermi-Fermi (FF)

counterpart. In general, cooling of fermions becomes less time-efficient as the temperature

gets lower. The reason for this is that the scattering rate into low energy states is propor-

tional to 1− f , f being the Fermi-Dirac occupation number. As the occupation of the low

lying states becomes appreciable at T ¿ TF , the cooling rate is reduced. In a two fermion

experiment, both species rely on each other for cooling, and neither can easily find its way

down in temperature. On the other hand, if fermions are cooled in a bosonic thermal bath,

which can rapidly achieve thermal equilibrium on its own, the problem should be reduced.

Note that time-efficiency of the cooling process is not just a matter of convenience. Cooling

is in competition with the timescale for heating and decay of the system, set for example

by the collisions with the residual background gas in the vacuum chamber. Time efficiency

therefore has fundamental implications on the final temperatures and size of the system [45].

1See Ch. 4 for a reasonable justification of this estimate.
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Further, FF cooling is most efficient if the heat capacities of the two species are com-

parable at all times. This means that both species must be actively evaporated, and the

degenerate Fermi samples are much smaller than the initial samples prepared by laser cool-

ing. In BF experiments, it is sufficient to evaporate the bosonic species. The sympathetic

cooling can thus, at least in principle, be conservative in the fermion atom number. There-

fore, it is possible to produce large degenerate Fermi samples without huge demands on the

laser cooling of the fermionic species.

2.1.3 Why 23Na and 6Li?

The criteria for designing BF sympathetic cooling experiments include the heat capacity

of the “refrigerator”, and the inter-species collisional properties, both elastic and inelastic.
23Na offers the largest, stable Bose-Einstein condensates [46], which makes it a very appeal-

ing choice for sympathetic cooling of fermions. Of course, in our case, the choice of 23Na

was further motivated by the fact that we already had a functioning BEC apparatus.

Experiments with degenerate alkali fermions have thus far used either 40K or 6Li. Both

species are promising candidates for the observation of a BCS-like superfluid transition (see

Chapter 4). However, while 6Li is abundant in nature, 40K is scarce. This makes only 6Li

suitable for our particular cooling strategy. In our 23Na experiments, the atomic source is

based on an oven and a Zeeman slower (see Fig. 2-1 below). This approach yields large

ultracold samples, but also uses the atomic resources inefficiently. Since we wanted to use

the same atomic source for both species, in order to minimize the modifications to our 23Na

BEC apparatus, 40K was not a viable choice for practical reasons.

Further, it is favorable that the fermion mass is lower than the boson mass. When the

two are held in the same magnetic trap, lower mass enhances the fermion trapping frequency,

∝ 1/
√
m, and hence the ratio of Fermi temperature to the BEC transition temperature.

Therefore, given the same characteristic temperature of the bosonic refrigerator, a lighter

fermion can be cooled deeper into quantum degeneracy.

Finally, the inter-species collisional properties are generally not predictable, and have

to be tested experimentally. In this regard, one often has to take a chance in designing a

sympathetic cooling experiment, but as we will see in Chapter 3, 23Na-6Li combination has

proven to be rather fortuitous.

2.2 Outline of our cooling strategy

Our 6Li cooling strategy is designed around the previously established protocol for produc-

tion of 23Na BECs [47], outlined in Fig. 2-1. An effusive 23Na atomic beam is produced by

evaporating sodium metal in the oven. Zeeman slowed atoms are loaded from the atomic

beam into a dark-SPOT magneto-optical trap (MOT) [48]. The atoms are then loaded

into a Ioffe-Pritchard magnetic trap and evaporatively cooled to BEC. A detailed descrip-
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tion of our 23Na BEC apparatus, including the laser system, vacuum chamber, magnetic

trap, standard detection methods and computer control of the experiment, is given in the

previous PhD theses from this group [7].
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Figure 2-1: Outline of the 6Li cooling strategy.

The extension to a two-species cooling experiment is then conceptually straightforward

(Fig. 2-1). A two-species atomic beam is produced in a common oven, and slowed in a

common Zeeman slower. The slowed atoms are then collected in a common two-species

MOT, and transferred into a common magnetic trap. At this point, only sodium atoms are

actively evaporated and cooled to BEC in the same way as in our traditional single-species

experiments. At the end of the evaporative cooling cycle, in addition to a sodium BEC,

we get a lithium Fermi sea “for free”. During the evaporative cooling, the lithium number

ideally stays constant, which means that we need to load the magnetic trap with only as

many atoms as we want to, or can, cool into quantum degeneracy.

As indicated in Fig. 2-1, only two major hardware additions were needed in order to

convert our sodium BEC apparatus into a two-species experiment - a two-species oven which

produces a combined 23Na-6Li atomic beam, and a laser system for laser cooling of lithium.

Let us estimate the potential of this strategy, and the requirements for its implemen-

tation. In our 23Na BEC experiments, the flux of hot atoms from the oven into the solid

angle subtended by the MOT is about 2× 1012 s−1. About 1010 Zeeman slowed atoms are

collected in the MOT, 30% of which are transferred into the magnetic trap. After evapo-

rative cooling, pure BECs of ∼ 107 atoms are produced. The number of atoms at the BEC

transition is higher, typically 0.5− 1× 108.

Now, sympathetic cooling is efficient only as long as the heat capacity of the cooling

body is larger or equal to the heat capacity of the body to be cooled. Below the conden-

sation temperature, heat capacity of a Bose gas starts dropping rapidly (∝ T 3) . In fact,
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thermodynamic calculation with the constraint of constant particle number would tell us

that the BEC itself has a vanishing heat capacity, which would make it completely useless

as a refrigerant [17]. I believe this conclusion is a bit oversimplified, and is not trivially

applicable to the case of an evaporatively cooled cloud, since in the latter case, heating

can always be converted into particle loss. For example, suppose we immerse a small and

hot lithium cloud into a really large (zero temperature) sodium BEC. Each inter-species

collision will take energy out of the lithium cloud and create a high energy sodium parti-

cle. If such a particle stays in the trap, this would indeed lead to drastic heating of the

sodium reservoir. However, if every thermal sodium atom is immediately removed from

the trap, cooling of lithium can continue with the sodium thermal bath still being at zero

temperature. Nonetheless, it is reasonable to assume that cooling is efficient only as long as

the numbers of sodium and lithium atoms are at least comparable. We conclude that the

maximum number of 6Li atoms we could possibly cool deep into quantum degeneracy is in

the range 107−108. This is of course still very good news, as these numbers are comparable

to the largest alkali BECs ever produced [46].

From a practical point of view, this also means that our two-species apparatus does not

need to provide us with more than 107− 108 laser cooled 6Li atoms. In other words, on the

way from the MOT to a BEC we lose about a factor of 200 in the sodium atom number. For

lithium, we can afford to do that much worse in the laser cooling stage2. Further, the large

sodium MOT is density limited [48], so we can do even worse in terms of the loading rate of

the lithium MOT. This moderate goal allowed for two major simplifications. Firstly, all the

lithium laser cooling light could be generated by cheap, low power diode lasers. Secondly,

we could load the 6Li MOT using a Zeeman slower which is actually optimized for 23Na.

2.3 Two-species oven

The main difficulty in having a joint 6Li and 23Na atomic source is that the two metals have

rather different vapor pressures. The conventional sodium oven is operated at ∼ 260 ◦C.

At the same temperature, lithium has a vapor pressure lower by about three orders of

magnitude, and needs to be heated to ∼ 400 ◦C to achieve a decent atomic flux. (As a rough

guide for both metals at these temperatures, a 20 ◦C temperature increase corresponds to

an increase in vapor pressure by about a factor of two.) Our solution to this problem is

sketched in Fig. 2-2. More technical details of the oven design will be given in the PhD

thesis of Claudiu Stan.

The oven has two chambers connected by a transfer nozzle of low conductance σ1 =0.06

l/s (for 23Na 3). In the first (left) chamber, sodium is heated to T1 =380 ◦C. This produces

2The 30% transfer efficiency of sodium atoms from the MOT into the magnetic trap is limited by the fact
that optical pumping into a single Zeeman state is difficult in dense laser cooled samples. For small lithium
samples this factor of 3 loss is also absent.

3Conductance expressed in l/s is a function of atomic velocity, and hence it depends on both the atomic
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an unusually high vapor pressure, but the small nozzle conductance limits the rate at which

sodium is evaporated. In the second chamber, sodium is mixed with lithium heated up

to T2 = 400 ◦C, and they both leave through the main nozzle, which has a much higher

conductance σ2 =2.4 l/s for 23Na, 4.5 l/s for 6Li. Both nozzles are heated to 450 ◦C. The

nozzles are kept hot even when the experiment is not running, in order to insure that they

remain the hottest spots in the oven at all times, and no clogging can occur.

At these settings, the atom fluxes into the solid angle subtended by the MOT region

are 3 × 1011 s−1 for 6Li, and 2 × 1012 s−1 for 23Na. Since σ2/σ1 ≈ 40, practically all the

lithium goes into the experiment, and the amount distilled into the sodium chamber can be

neglected.
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Figure 2-2: Two-species oven. 23Na and 6Li vapors are produced in separate chambers to
allow for independent control of the atom fluxes. The two species are mixed in the lithium
chamber. The transfer nozzle has a conductance 40 times lower than the main nozzle, and
limits the undesirable diffusion of lithium into the sodium chamber.

However, it is important that the oven can also be operated in a single-species mode.

Lithium-only operation is trivial and consists of heating only the second chamber. The

small fraction of atoms that takes the wrong turn and ends up in the first chamber will

condense there, but that is a small loss. Sodium-only operation requires a bit more care. If

the fluxes of sodium through the two nozzles are to be equal, its equilibrium vapor pressure

in the second chamber should be

P2 = P1
σ1
σ2
≈ 1

40
P1 (2.1)

where P1 is the vapor pressure in the first chamber.

The real vapor pressure is given by either this value, or the vapor pressure corresponding

to the second chamber temperature, whichever is lower. The factor of 40 in the vapor

mass, and the temperature. All conductances are calculated for the nozzle temperature of 450 ◦C.
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pressure corresponds to a temperature difference of about 100 ◦C. Therefore, as long as

T2 ≥ 280 ◦C, there will be no build up of sodium in the second chamber. For T2 < 280 ◦C,

sodium will start condensing in the second chamber, rather than going into the slower and

the experiment. At this point, the flux of atoms is completely determined by the vapor

pressure given by T2, and heating the first chamber even further would not increase it.

Therefore, when running in sodium-only mode we heat up the lithium reservoir to 280 ◦C

as well. This means that some lithium atoms are wasted, but these numbers are negligible.

This oven has now replaced the sodium oven on our BEC apparatus, and in sodium-only

experiments it gives the same results as the old one.

2.4 Laser cooling of 6Li

2.4.1 Some laser cooling basics

In our experiments we use standard techniques of atom beam slowing and magneto-optical

trapping [43]. Here I will briefly mention the relevant experimental methods and parameters

only in as much detail as is needed to compare and contrast the laser cooling of 23Na and
6Li.

The ground state of alkali atoms has one unpaired electron in the S shell, 22S1/2 in

lithium, 32S1/2 in sodium. The first excited state is of the (2, 3)2PJ form, and is split by

~L · ~S coupling into J = 1/2 and J = 3/2 states. Laser cooling is done on the D2 line,

connecting the ground state and the 2P3/2 excited state. The wavelength of this transition

is 671 nm in 6Li, and 589 nm in 23Na. The diagram of relevant energy levels is shown for
6Li in Figure 2-3.

Figure 2-3: Energy level diagram for laser cooling of 6Li

Both the ground and the excited state are further split into different hyperfine states by

the ~I · ~J interaction between the electron and the nuclear spin I. At low magnetic fields,
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good quantum numbers are therefore ~F = ~J + ~I, and its projection along the quantization

axis, mF . The value of the nuclear spin is I = 1 in 6Li, and I = 3/2 in 23Na. The hyperfine

splitting of the two ground states is 228MHz in 6Li, and 1.77GHz in 23Na.

The stretched ground and excited states, with mF = −F = −(I + J) = −(I + L+ S),

connected by σ− polarized light, form a cycling transition which is used for laser slowing

and cooling in our experiments. In these states all the angular momenta are fully aligned

with the quantization axis, so at all values of the magnetic field the magnetic moment in

the ground state is simply one Bohr magneton, µB, and in the excited state it is 2µB. The

Zeeman shift of the cooling transition is thus −µB/h = −1.4MHz/G, for both 6Li and 23Na.

The spontaneous light force on an atom absorbing photons with wavevector ~k at a rate

γs is simply:

~F = ~~kγs (2.2)

For an atom moving with velocity ~v, in presence of a spatially varying magnetic field

B(~r), the scattering rate is:

γs =
Γ

2

s

1 + s+ (2δ/Γ)2
(2.3)

where the effective detuning:

δ(~v, ~r) = ω − ω0 − ~k · ~v +B(~r)µB/~ (2.4)

includes the Doppler and Zeeman shifts. Here, Γ is the natural linewidth of the excited state,

and the saturation parameter s ≡ 2Ω2R/Γ
2 is the dimensionless measure of the intensity of

the laser light, ΩR being the corresponding Rabi frequency.

The dependance of scattering rate γs on the velocity and the position of the atom is

the source of coupling between internal and external degrees of freedom, and the basis of

laser cooling and trapping. For example, a moving atom interacting with isotropic light

red detuned from the resonance will preferentially be kicked in the direction opposite to its

motion and hence slowed down.

Natural linewidths in lithium and sodium are 2π×6MHz and 2π×10MHz, respectively.

The recoil velocity, vrec = ~k/m, is about 10 cm/s in 6Li, and about 3 cm/s in 23Na. The

saturation intensity (corresponding to s = 1) is approximately 2.5mW/cm2 for lithium, and

6.4mW/cm2 for sodium. Saturation intensity sets the natural scale for all laser intensities

used for cooling. Therefore, we already see that, other things being equal, about 2.5 less

laser power should be needed for lithium laser cooling.
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2.4.2 Simultaneous Zeeman slowing of 6Li and 23Na

An important question in the design of our experiment was whether our existing sodium

Zeeman slower could be used for simultaneous slowing of lithium. Changing the slower itself

would have involved breaking the vacuum in the system, something that has not been done

since 1996. Keeping the same slower, but changing the currents running through it would

not have been as drastic, but could have compromised efficient loading of sodium into the

dark-SPOT. Fortunately, neither was needed.

In our “increasing field” Zeeman slower (see Eq. 2.7), sodium atoms are slowed by a

counter-propagating σ− polarized beam detuned ≈ 1GHz from the cycling transition. The

capture velocity of our slower (for 23Na atoms) is v0 ≈ 589m/s, and the deceleration rate

is a ≈ 4× 105m/s2. Longitudinal velocity distribution in an effusive beam has the form:

ρ(v) ∝ v3e−
mv2

2kBT (2.5)

The average velocity of atoms coming out of the oven at a temperature of 450 ◦C is

vth =
3

4

√

2πkBT

m
, (2.6)

equal to ≈ 940m/s for 23Na, and 1840m/s for 6Li.

The spatial dependence of the DC magnetic field used to compensate for the changing

Doppler shift of slowing atoms, derived from the condition that δ = const in Eq. 2.4, has

the form:

B = B0

(

1−
√

1− x

L

)

(2.7)

where L = v20/a ≈ 40 cm is the length of the slower, and B0 = (~/µB)kv0 ≈ 700G corre-

sponds to the Zeeman shift equal to the Doppler shift at v0.

The atoms coming out of the oven are distributed over the two hyperfine ground states

with probabilities proportional to their (zero magnetic field) degeneracies, 2(I ± 1/2) + 1.

In order to prepare the atoms for slowing, a σ− “repumping” laser beam, resonant with

the lower hyperfine state, is added to the slowing beam. At zero magnetic field, before the

atoms enter the slower, the combination of the slowing and the repumping beam optically

pumps the atoms into the stretched ground state4.

Using a slowing laser beam of 50 − 100mW power, we typically slow a flux of few

times 1010 23Na atoms/s, to a velocity of few tens of m/s. The repumping frequency,

detuned 1.77GHz to the blue of the slowing frequency, is provided by a sideband generated

by passing the slowing beam through an electro-optical modulator. The repumping laser

power is about 1/3 of slowing power.

4Repumping of the atoms which fall into the lower hyperfine state during the slowing cannot be very
efficient, as different transitions have different Zeeman shifts, and keeping the cycling transition on resonance
will in general not keep the repumper on resonance as well.
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If two different alkali species are slowed using the same magnetic field profile (Eq. 2.7),

then:

v0 =
µB B0

~k
∝ 1/k and a =

v20
2L
∝ 1/k2 (2.8)

For our case this gives:
aLi
aNa

=

(

671

589

)2

= 1.3 (2.9)

On the other hand, the maximum deceleration rate, at infinite light intensity, is:

amax = vrec Γ/2 (2.10)

equal to 18× 105 m/s2 in 6Li, and 9× 105m/s2 in 23Na, so aLimax/a
Na
max = 2.

This means that in a slower (magnetic field profile) optimized for 23Na, 6Li atoms will

be slowed at a smaller fraction of the maximum deceleration. A slower optimized for 23Na

can thus be used for 6Li, and it will only be more conservative. This also means that a

lower power of the slowing laser beam is needed to keep it working5.

One drawback is that a smaller fraction of the thermal velocity distribution is efficiently

slowed down for 6Li than for 23Na. The capture velocities of the slower for the two species

are comparable (Eq. 2.8), while 6Li thermal velocity at the slower entrance is almost twice

higher (Eq 2.6). Since the capture velocity of our slower is smaller than the most probable

velocity,
√

3kBT/m, we can conservatively estimate that the successfully slowed fraction of

the hot atomic flux will be proportional to

(

v0
vth

)4

∝ m2

k4
(2.11)

This comes out to ∼ 9 times lower fraction for lithium than for sodium. This may seem

rather inefficient, but even combined with the ∼ 7 smaller total flux of hot atoms, it still

keeps us on the right track for collecting ∼ 108 lithium atoms in a MOT.

2.4.3 Differences between 6Li and 23Na MOTs

We collect sodium atoms into a standard dark-SPOT MOT [48], which uses three pairs

of counter propagating laser beams, and a three-dimensional quadrupole magnetic field,

created by two magnetic coils in anti-Helmholtz configuration.

Operation of the MOT fundamentally depends on constant optical repumping of atoms

out of the lower hyperfine state. Off-resonant excitations of the atoms into the F ′ < I+3/2

excited hyperfine states allows the atoms to fall into the lower hyperfine ground state and

become invisible to the cooling light. In a dark-SPOT, the repumping light is (mostly)

5A more practical upper bound on the deceleration rate is asmax = samax/(1 + s), the maximum deceler-
ation for the available light intensity.

26



confined to the edges of the cloud, and the atoms in the center of the trap sit in the dark

of the lower hyperfine state6. The probability that the atoms are pumped into the upper

hyperfine is therefore high only if they attempt to escape from the trap, and need to be

pushed back by the trapping light. This approach reduces the adverse effects of light-assisted

collisions between ground and excited state atoms, and the radiation pressure arising from

the fact that a photon spontaneously radiated by one atom can be reabsorbed by another,

leading to mutual repulsion between the two. This allows for storing of cold atoms in the

dark at much higher densities, in our sodium case giving an enhancement by a factor of

order 10.

In our setup, the 1/e2 diameter of the 23Na MOT beams is about 1 inch, and the

laser power is about 30mW per beam, giving a peak intensity comparable to the saturation

intensity. The cooling laser frequency is tuned ∼ 20MHz to the red of the cycling transition

F = 2 → F ′ = 3. Typical magnetic field gradients in our MOT are 20G/cm in the axial,

and half that in the radial direction. The repumping is done with a single 30mW beam

which is spatially tailored by a dark spot imaged onto the center of the trap. The diameter

of the dark spot image, and hence the size of the high density cloud, is 10mm. We typically

collect ∼ 1010 23Na atoms in the dark-SPOT, in about 4 s, at peak density of > 1011 cm−3.

Typical temperature in our 23Na MOT is ∼ 1mK. Two-level theory of Doppler cooling

predicts a cooling limit of kBTD = (1/2)~Γ = 240µK for 23Na, and 140µK for 6Li. However,

this temperature is (theoretically) achieved for a light detuning of δ = −Γ/2. Such a small

detuning leads to a small effective trap volume and is not compatible with maximizing the

atom number. Historically, the dark-SPOT stage was followed by about 5ms of polarization

gradient cooling, which resulted in sub-Doppler temperatures of ∼ 100µK. We have since

found this cooling stage unnecessary, and have omitted it from the experimental procedure.

One peculiarity of 6Li is that the excited state hyperfine splitting is smaller than the

Γ = (2π)× 6 MHz natural linewidth (see Fig. 2-3). Different lines are thus unresolved, and

we can treat 6Li as essentially a three level system, with both ground states being coupled

to the single excited state by light of any polarization.

One adverse consequence of the unresolved excited electronic state is that polarization

gradient cooling methods are inefficient in 6Li [49]. Another important consequence is that

the repumping of atoms out of the lower hyperfine state is more demanding. Off-resonant

excitations into the F ′ < 5/2 hyperfine state are quite likely, and the atoms “fall off”

the cycling transition more easily. In order to keep rescuing them, the best results are

obtained with about equal amounts of laser power in the cooling and repumping MOT

beams. Further, Schreck et al.[18] have found that the MOT functions properly only if the

repumping light is arranged in a six beam MOT configuration. This also means that setting

up a dark-SPOT configuration for 6Li would be technically more demanding than for 23Na.

6Some repumping light might be scattered into the center of the trap by the atoms on the edge of the
cloud
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Since for the targeted lithium atom number in the MOT, ∼ 108, density limitations do not

play a role anyway [49], we have not attempted to do this.

2.4.4 6Li laser system

Outline of the System

The whole laser system for cooling and trapping of 6Li is based on inexpensive low power

diode lasers in a Master-Slave configuration. To avoid obscuring the main storyline, we

summarize only the main points here. Appendix A is written up as a more comprehensive

companion to this section.

There are four principal frequencies needed for the experiment:

1. MOT trapping light, detuned ∼ 25MHz to the red of the F = 3/2 → F ′ = 5/2

cycling transition.

2. MOT repumping light, detuned ∼ 25MHz to the red of the F = 1/2 → F ′ = 3/2

transition.

3. Slowing light, detuned ∼ 1GHz to the red of the F = 3/2 → F ′ = 5/2 cycling

transition.

4. Slower repumping light, detuned ∼ 1GHz to the red of the F = 1/2 → F ′ = 3/2

transition.

Figure 2-4 summarizes the “topology” of our laser system. One laser is used as the

master oscillator and is referenced to a 6Li atomic line. Acousto-optic modulators (AOMs)

are used to generate four beams with the frequencies needed for the experiment. Each of

these beams is then amplified in a dedicated slave laser by injection locking. Outputs of

the slave lasers have the spectral characteristics, tunability, and long term stability of the

injection light, and the power of a free running laser diode, 30 − 50mW. The total laser

power in the system is thus 120− 200mW 7 . To give a sense of scale, the dye laser system

used for our 23Na experiment puts out about 1.6 W of power. Initial inspiration for our

diode laser system came from the work done in the group of Rudi Grimm [49].

Frequency stabilized Master Laser

The starting point of our laser system is a TuiOptics DL100 grating stabilized diode laser.

The grating setup is a Littrow configuration, based on a laser developed in the group of

Ted Hänsch [50]. A 30 mW diode placed in this setup gives us an output of 12 − 15mW

with a laser linewidth of about 1MHz (see Appendix A.1 for details).

Once the grating feedback, temperature, and the current of the laser are optimized for

the desired wavelength, frequency can be electronically scanned over up to 10 GHz without

a mode hop. This is achieved by applying voltage to the piezoelectric transducer mounted

7Typical lifetime of a diode is on the order of few months, and the total power output of our laser system
fluctuates with the fluctuating market for 671 nm diodes.
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Figure 2-4: Topology of the 6Li laser system. (1) The master laser is locked to the 6Li D2
resonance. (2) Three AOMs generate the four frequencies needed for slowing and magneto-
optical trapping. Vertical ordering indicates the relative ordering of frequencies. (3) This
light is then amplified by injection locking of four slave lasers.

at the back of the grating. We found the slow drift of the laser frequency to be about 500

kHz/s. This is in fact enough to obtain a MOT, stable over several seconds. For long term

stability, the master laser is locked to the atomic resonance of a 6Li vapor. The details of the

locking method, setup, and results are explained in Appendix A.2. Briefly, we use Doppler

free optical pumping (saturated absorption) spectroscopy, and lock to the crossover feature,

114MHz to the blue of the cycling transition. We achieve long term frequency stability of

about 1MHz.

Generation of frequencies

Master laser light is split into two beams using a polarizing beam splitter cube. The splitting

ratio is about 80/20%. The stronger beam is shifted to the red by about 770 MHz in a

double pass AOM with total efficiency of 25%. The (first pass) zeroth order of the AOM is

used for locking the master, and for monitoring its spectral characteristics with a wavemeter

and a Fabry-Perot spectrum analyzer.

The two beams, now carrying about equal laser powers, define the MOT and the slower

manifolds. Each of them is further split into two, using 228MHz AOMs working at 50%

efficiency. Both orders of the AOMs are used, and the four beams then define our four

principal frequencies, each carrying about 1mW of power.
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Injection locked Slave Lasers

Once light at the four primary frequencies is generated, each of them is amplified in a

dedicated slave laser diode by injection locking, or seeding (see Appendix A.1). With 1mW

of seeding power, a 30 − 50mW slave laser can be injection locked up to 3 nm away from

its free running wavelength.

For our slave lasers, we use commercial ThorLabs diode mounts and temperature and

current controllers. Single stage optical isolators used for protecting the diodes from un-

wanted feedback are purchased from Optics for Research, and provide about 40 dB isolation.

Small fractions of all four slave outputs are multiplexed into a single beam using beam

splitter cubes, so that the seeding can be constantly monitored with a single Fabry-Perot

spectrum analyzer. A typical spectrum is shown in Fig. 2-5.

Figure 2-5: Frequencies of the four seeded slave lasers recorded by a Fabry-Perot spectrum
analyzer. The analyzer has a free spectral range of 1 GHz, and thus the MOT and the
slower manifolds are aliased almost on top of each other. The apparent laser linewidth is
limited to about 10 MHz by the resolution of the spectrum analyzer.

Imaging and optical pumping light

In addition to the four slowing and trapping frequencies, two independently tunable fre-

quencies are needed for imaging the F = 1/2 and F = 3/2 ground state lithium atoms. The

same light is used for optical pumping of atoms between the two hyperfine ground states.

Since only sub mW powers are needed, the light is split off the MOT and MOT repumper

slaves’ outputs. The two imaging light beams are combined on a polarizing beam splitter

cube with opposite linear polarizations and sent through a common “tandem AOM”, con-

sisting of two AOMs shifting the light up by 200 MHz +δ, and then down by 200 MHz
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−δ. The frequencies can thus be shifted by an arbitrary amount 2δ. The two AOMs are

set up in such a way that changing the detuning δ has a minimal effect on the direction

of the output beam (Fig. 2-6). One of the AOMs in the pair is also used for fast (< µs)

externally controlled switching of the light. Polarization encoding of the frequencies allows

us to separate the two imaging light beams after the tandem AOM, again using a polarizing

beam splitter cube.

Figure 2-6: Tandem AOM for the 6Li imaging light.

The complete setup of the lithium laser system is given in Appendix A.4.

Merging of the two laser systems

The laser systems for 6Li and 23Na are built on separate optical tables, and in separate

rooms. All the different laser beams are separately brought to the experiment via optical

fibers. The efficiency of light coupling into the fibers is 60− 70%.

The two colors (for lithium and sodium) are merged on the experimental table using

dichroic beam splitters, which are transparent for 589 nm and reflective for 671 nm light,

or vice versa. However, due to relatively small difference in the two wavelengths, available

dichroics are not perfect and a power loss of about 10% is unavoidable. Therefore, in places

where the two overlapping beams (initially) have opposite polarizations, we combine them

on polarizing beam splitter cubes.

After the two colors are overlapped, polarizations need to be manipulated simultaneously

and identically for both wavelengths. To this end, we have replaced all half and quarter

waveplates on the experiment with zero order waveplates designed for 633 nm.8 To illustrate

the validity of this approach, we calculate the effect of such a quarter waveplate on linear

polarization, aligned at 45◦ to the plate’s axis. Projecting the result onto the “wanted”

and “unwanted” circular polarizations, we find that the fraction of light power in the wrong

polarization is (π/4)2(1- 633 nm/λ)2. Both for sodium and for lithium this is less than 1%.

Results for the half waveplate depend on the desired angle of rotation, but are generally

8In general, a half (and likewise for quarter) waveplate has a retardation of n + 1/2 wavelengths. The
order of the plate, n, is an arbitrary integer, usually around 10. Except for specific, commensurate values of
n, such a plate can not be used for two different wavelengths since the error in retardation scales with the
order of the plate.
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comparable or better. Operation of the MOT is too robust for this to present a serious

problem. Still, in order to have more tuning freedom, we also installed “full” waveplates

for one of the wavelengths. These basically consist of two consecutive half waveplates, with

their primary axes parallel. They are used to affect one wavelength without affecting the

other one.

2.5 Two-species MOT for 6Li and 23Na

2.5.1 Single-species 6Li MOT

After the optical fibers, the laser power available for each of the six lithium MOT beams

is about 5mW, both for cooling and for repumping. The beams are collimated to an 1/e2

diameter of about 1 cm. The powers in the slowing and slowing repumping laser beams are

∼ 20mW and ∼ 5mW respectively.

The loading of the MOT is monitored either by an absorption monitor (Figure 2-7), or

simply by collecting the fluorescence of the MOT on a photodiode. Only in the development

stages of the experiment, we performed some more quantitative analysis of the MOT by

absorption imaging.

We can collect ∼ 2 × 108 6Li atoms in a single species MOT in about 10 s. Our oven

will allow an increase of the atom flux by at least another factor of 4. However, at present

we do not seem to be limited by the atom number. Our estimate of the peak MOT density

is ≤ 1010 cm−3. At this density, we do not expect that implementing a dark-SPOT would

yield any benefits.

Figure 2-7: Absorption monitor of a 6Li MOT. A weak probe beam is sent through the
MOT, and its frequency is continuously scanned over the resonance for one of the two
ground states. The transmission of the probe is recorded on a photo diode.
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Figure 2-8: Measurement of the 6Li MOT temperature. Absorption images were taken after
a variable time of free expansion of the cloud, after the MOT light and magnetic field have
been turned off. We also allow for an offset in the release time of the cloud.
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Analysis of the MOT temperature from the free expansion of the cloud is shown in Figure

2-8. We have also studied the dependence of the MOT temperature with the detuning of the

cooling light (Figure 2-9). The lowest temperature was achieved at δ = −2.5Γ. However,

the highest number of atoms was achieved at about δ = −4Γ.
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Figure 2-9: Dependence of the 6Li MOT temperature on the detuning of the cooling light.
Note that there is no good reason for the MOT temperature to be perfectly isotropic. Due
to the separation of time scales for atomic collisions and laser cooling, atoms are primarily
in thermal equilibrium with the laser beams, and not with each other.

2.5.2 Coexistence of the two MOTs

In loading 6Li and 23Na simultaneously into a two-species MOT, we encountered the first

true unknown in our experiment - do they like each other? It turned out that they do not

mind each other too much.

The main additional source of trap loss in a two-species MOT are light assisted collisions

between ground and excited state atoms [51] (Figure 2-10). The small number of lithium

atoms does not affect the sodium MOT, while our largest sodium MOT clouds reduce

lithium atom number by not more than a factor of 4. The effect can be reduced if the

two MOTs are deliberately displaced with respect to each other. This is easily achieved

using the “full” waveplates for one of the species. Along one direction (horizontal in our

experiments), the power in the two counter-propagating MOT laser beams is deliberately

imbalanced in order to push the cloud away from the center of the quadrupole magnetic

field. In our experiments, we displace the 6Li MOT. The reason is that atoms from such an

“off-balanced” MOT are not optimally transferred into the magnetic trap, and the cloud

is likely to be heated during the transfer. Therefore, we prioritize the 23Na temperature,
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Figure 2-10: Inter-species light assisted collisions in a two-species MOT. Loading is mon-
itored by collecting the fluorescence from the MOT on a photodiode. The absolute atom
number was calibrated by comparison with absorption images. This particular data was
taken using relatively small atom numbers of either species.

while the small 6Li cloud thermalizes with sodium in the magnetic trap in any case. Note

that these results hold for a “DC” two-species MOT. In the complete cooling cycle, further

tricks can be played by varying the loading times of the two MOTs before transfer into the

magnetic trap. We find that the characteristic timescale for loading of a well aligned sodium

MOT can be shorter than the timescale for light-assisted losses in a displaced lithium MOT.

By turning on the sodium light only during the last 2 s of lithium loading, we can have ∼ 108

lithium atoms at the end of the MOT stage. This is already within a factor of ∼ 2 of the

maximum atom number in a DC single-species lithium MOT. Finally, note that the effect of

light -assisted collisions could be minimized further if lithium was collected in a dark-SPOT.

However, at this point, the potential benefits do not seem worth the effort.

Studying trap losses in two species MOTs is interesting in its own right (see [52] and

references therein). However, this was not our primary area of interest, and for the most

part we just concluded that the losses are perfectly acceptable, and moved on. Below I

present a crude semi-quantitative study of the inter-species inelastic collision rate. In the

limit of a small lithium cloud being immersed in a large and unaffected sodium cloud of

approximately uniform density, we can write down a simple heuristic model for loading rate

and final lithium atom number in the MOT:

ṄLi = L− αNLi − βnNaNLi (2.12)

where L is the loading rate, α summarizes all the losses in a single species 6Li MOT, and

β characterizes the additional losses in the presence of a large 23Na MOT. The loading of

the MOT is then given by:
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NLi =
L

α+ βnNa

(

1− e−(α+βnNa)t
)

(2.13)

If the loading is interrupted, the atom number decays with the same time constant. An

example of such loading and decay curve is given in Figure 2-10. We estimate α ∼ 0.3 s−1,

and assume that in a temperature limited MOT α is independent of the loading rate. (In

this experiment L ∼ 107 s−1.) Since our largest sodium MOTs have a peak density of

≥ 1011 cm−3 and reduce lithium atom number by not more than a factor of 4, we can

estimate an upper bound on β of about 10−11 cm3/s. This crude estimate agrees quite well

with the more detailed study reported in [51].

2.6 Conclusion

Modifying our 23Na BEC apparatus to the point were we could simultaneously collect

∼ 1010 sodium and ∼ 108 lithium atoms in a two-species MOT completed the development

phase of our experiment. These numbers were more than sufficient for the experiments on

sympathetic cooling of 6Li into quantum degeneracy, which are described in the following

chapter. This is were real science began...
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Chapter 3

Production of coexisting 6Li Fermi

seas and 23Na BECs

This chapter describes the sympathetic cooling experiments in which we produce quantum

degenerate 6Li Fermi gases, and quantum degenerate Bose-Fermi mixtures of 23Na and 6Li

gases. The experiments discussed here were reported in the following publications:

Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta, M. W. Zwierlein, A. Görlitz, and

W. Ketterle, “Two-Species Mixture of Quantum Degenerate Bose and Fermi Gases,” Phys.

Rev. Lett. 88, 160401 (2002) [1]. Included in Appendix B.

Z. Hadzibabic, S. Gupta, C. A. Stan, C. H. Schunck, M. W. Zwierlein, K. Dieckmann,

and W. Ketterle, “Fifty-fold improvement in the number of quantum degenerate fermionic

atoms,” cond-mat/0306050 (2003) [2]. Included in Appendix C.

3.1 Choice of 23Na and 6Li hyperfine states for sympathetic

cooling experiments

We perform evaporative (sympathetic) cooling of 23Na (6Li) atoms in a cylindrically sym-

metric Ioffe-Pritchard (IP) DC magnetic trap [47, 53] The coils of our trap are sketched in

Fig. 3-1.

The first issue that arises in starting a magnetic trapping experiment is the choice of

(ground) hyperfine states to be trapped. Magnetic trapping is achieved by creating a free

space magnetic field configuration which has a minimum of the field strength. Choice of

atomic states is thus restricted to “low field seeking” states, in which the magnetic moment

of the atom is anti-aligned with the magnetic field, and the ground state energy increases

with increasing field strength1.

1High field seeking states cannot be trapped, because we cannot create a magnetic field maximum in
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Figure 3-1: Ioffe-Pritchard magnetic trap coils. “Gradient coils” produce a two-dimensional
quadrupole field in the radial plane. “Curvature” and “anti-bias” coils together produce a
large curvature and a small offset “bias” field along the axial direction. Anti-bias coils are
mounted in a Helmholtz configuration and produce a uniform field which opposes the field
produced by the smaller curvature coils. This cancels most of the axial bias field, while
leaving the axial curvature intact. In this way, high trapping frequencies can be achieved
along both the axial and the radial direction. Technical details of our trap are described in
the Diploma thesis of Christian Schunck [8].

Hyperfine ground states of 23Na and 6Li, as a function of the magnetic field, are shown

in Fig. 3-2. If we ignore the small nuclear contribution, all of the atom’s magnetic moment

comes from the one unpaired electron. At low magnetic field, the energy of an |F,mF 〉 state
is:

E = gF mF µBB (3.1)

In the ground state of all alkali atoms, the g factor universally takes a simple form:

gF=I±1/2 = ±
1

(I + 1/2)
(3.2)

and the states which are magnetically trappable are those in which gFmF > 0.

Since all of our work relies on being able to evaporatively cool sodium to BEC, let us

start from there. We have three low field seeking states to choose from, |F,mF 〉 = |2, 2〉,
|2, 1〉, and |1,−1〉. State |2, 0〉 is only weakly magnetically trappable, due to the quadratic

Zeeman shift. Mixtures of states are unstable against a variety of spin exchange collisional

free space. Using index notation (i, j = 1, 2, 3), a stationary point of the magnetic field strength is given
by ∂iB

2 = 2Bj∂iBj = 0. At a local maximum, second derivatives in all directions are negative. However,
the sum of second derivatives is ∂2

iB
2 = 2(∂iBj)

2 + 2Bj∂
2
iBj = 2(∂iBj)

2 ≥ 0. The second term in the last
equation is zero because in free space we can describe the field by a scalar potential, Bj = ∂jΩ, and hence
∂2
iBj = ∂2

i ∂jΩ = ∂j∂
2
iΩ = ∂j∂iBi = ∂j ~∇ · ~B = 0. Since the sum of the second derivatives is positive, clearly

they cannot be all negative.
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Figure 3-2: Hyperfine structures of 23Na and 6Li. The states are labelled in the low field,
|F,mF 〉 basis. (a) Sodium is magnetically trappable in the |1,−1〉, and in the |F = 2,mF ≥
0〉 states. Previously, sodium was evaporatively cooled to BEC only in the |1,−1〉, lower
hyperfine state. (b) Due to finite trap depth of ∼ kB × 330µK in the |1/2,−1/2〉 state,
lithium can be efficiently loaded into the magnetic trap only in the upper, F = 3/2 hyperfine
state.

processes, so we need to consider only single states. Pure |2, 1〉 is also unstable against spin

exchange collisions2, and hence not an option for evaporative cooling. This leaves us with

only two options. Traditionally, we produced sodium BECs in the |1,−1〉 state. The only

other state in which BECs could in principle be produced is |2, 2〉. However, condensation

of sodium in the upper hyperfine state is considerably more difficult than in the lower one,

and had not been previously achieved. As we will see in Section 3.3, this route was actually

not completely blocked. However, we initially tried to avoid it.

Now let us look at 6Li. The trappable states are |3/2, 3/2〉, |3/2, 1/2〉 and |1/2,−1/2〉.
At temperatures below the p−wave threshold, any single state is stable, since the particles

do not interact at all. However, any combination of these states will engage in drastic

inelastic collisions3.

Taking into account the possible spin exchange collisions between sodium and lithium

atoms, i.e. ensuring that the total projection of the spin is conserved in the collision, and

that collisions which would require energies equal to the hyperfine splitting are energetically

2e.g. |2, 1〉+ |2, 1〉 → |2, 1〉+ |1, 1〉+ h×1.77 GHz of released energy.
3The spin exchange rate coefficients in 6Li are anomalously high, in the 10−9 cm3/s range [54]. The rate

of spin flip collisions is given by the product of the rate coefficient and the gas density, and is independent
of particle velocities.
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forbidden, we arrive at a simple (and predictable) conclusion - the only two truly safe

combinations of states are:

|1,−1〉+ |1/2,−1/2〉

and

|2, 2〉+ |3/2, 3/2〉

We initially favored the former.

However, for its many nice properties, 6Li has one relatively serious problem, which

is indicated in Fig. 3-2. So far, I did not give a quantitative meaning to the term “low

magnetic field”. The characteristic magnetic field at which the ~I · ~J hyperfine interaction is

decoupled, and Eq. 3.1 stops being valid, is set by the species dependent hyperfine constant.

Due to a rather low hyperfine constant, in 6Li this field is only a few tens of Gauss, and

the quadratic Zeeman shift becomes important sooner than we would have liked. Most

importantly, we see that the |1/2,−1/2〉 state is low field seeking only at very moderate

field values. Since the external magnetic field couples |1/2,−1/2〉 only with |3/2,−1/2〉,
the exact solution of this (Breit-Rabi [55]) problem involves simply diagonalizing a 2 × 2

matrix. This gives:

E|1/2,−1/2〉 = const.− 1

2
hνhf

√

1− 2

3
x+ x2 (3.3)

where νhf = 228 MHz is the hyperfine splitting, and x = 2µBB/(hνhf). We see that the

magnetic moment, −∂E/∂B, vanishes in this state at x = 1/3, or B ≈ 27G. The maximum

magnetic trap depth for this state is then given by E(x = 1/3)−E(x = 0) ≈ kB × 330µK.

This presents a serious problem for magnetic trapping of 6Li in this state. Both in our

own, and in experience of others [18, 49], it is hard to cool lithium optically below about

300µK, even if the atom number is compromised. This means that most of the |1/2,−1/2〉
atoms “loaded” into the magnetic trap actually immediately spill out. Further, atoms are

usually transferred from the MOT into an IP trap with a finite offset magnetic field, making

the trap for the |1/2,−1/2〉 state shallower still. In practice, things can be even worse. For

example, the magnetic trap and the MOT are not perfectly mode-matched, and the transfer

leads to heating of the cloud. These concerns were supported by our experimental findings,

and after some initial failed attempts, we gave up on trying to magnetically trap a significant

number of laser-cooled 6Li atoms in this state.

Now, allowing for slight oversimplification, the conclusions of our state analysis so far

could be summarized as follows:

(1) 23Na can be evaporated to BEC only in the F = 1, lower hyperfine state.

(2) 6Li can be efficiently magnetically trapped only in the F = 3/2, upper hyperfine state.

(3) A mixture of F = 1 sodium and F = 3/2 lithium atoms is not stable.
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On the face of it, this does not look good. In order to cool 6Li into quantum degen-

eracy, we had to alter at least one of our three conclusions. To this day, we still believe

that Conclusion 2 stands firm. Section 3.2 describes how we produced our first quantum

degenerate 23Na-6Li mixtures, by at least quantitatively working around Conclusion 3. In

Section 3.3, I will describe how we made Conclusion 1 completely obsolete. This allowed us

to produce far superior degenerate Fermi samples, and Bose-Fermi mixtures, as described

in Section 3.4.

3.2 Sympathetic cooling with sodium in the F = 1 state

Here I describe our first successful sympathetic cooling experiments, with sodium evaporated

in the F = 1, lower hyperfine state. In this way, we produced a respectable degenerate Fermi

gas, with > 105 atoms at a temperature of 0.5TF [1]. The degenerate 6Li samples were

produced in peaceful coexistence with 23Na BECs of ∼ 2× 106 atoms, with the lifetime of

the degenerate mixture as long as 10 s. This was the first time that anyone had cooled a

mixture of two different chemical elements into simultaneous quantum degeneracy.

However, these achievements have been completely overshadowed by our later cooling

experiments (see Section 3.4 and publication [2]), and this cooling strategy is unlikely to

ever be used again. Here I describe these infant steps for two reasons. The first one is

historic (or nostalgic). The second reason is the lingering sense of wonder - I am still not

convinced that these experiments were supposed to work. Some remaining confusions are

discussed at the end of this section.

In the early days of our sympathetic cooling experiments, just about the only thing

we were sure of was that we knew how to make large sodium condensates in the F = 1

state. Since the high heat capacity refrigerator for cooling of fermions was supposed to

be the main strength of our experiment, we were reluctant to compromise it by moving

sodium to the upper hyperfine state. Evaporation in the F = 2 state has been attempted

in the past, both in our group and at NIST, and was found to be much more difficult than

F = 1 evaporation. These efforts were abandoned without F = 2 condensates ever being

produced.

Therefore, we decided to bet on the 6Li sympathetic cooling strategy depicted in Fig. 3-

3. While we did not expect the combination of F = 1 sodium and F = 3/2 lithium atoms

to be stable against inelastic spin-exchange collisions at high densities and over long times,

we hoped that this mixture might allow us enough time for at least some initial cooling. If

we could cool lithium atoms in the upper hyperfine state down to at least ∼ 50µK, then we

could transfer them into the |1/2,−1/2〉 state, thereby producing a stable 23Na-6Li mixture.

Cooling could then be safely continued.

At this point we knew absolutely nothing about the inter-species collisional properties

of our mixture. However, while the rates for elastic and spin-exchange collisions are both
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Figure 3-3: 6Li cooling path. The atoms are loaded into the magnetic trap in the upper
hyperfine state, at a temperature of ∼ 700µK. After the initial cooling stage to 50µK, the
atoms are transferred into the |1/2,−1/2〉 state, and further cooled to a final temperature
of ∼ 330 nK.

proportional to the gas density, the former is proportional to particle velocities, and the lat-

ter is velocity independent. Therefore, it seemed at least plausible that the elastic collisions

dominate at high temperatures. It turned out that we were lucky enough with 23Na-6Li

collisional properties for this approach to work.

In these experiments, we collected about 2×107 lithium atoms or 6×109 sodium atoms

in single-species MOTs. In a two-species MOT, lithium atom number was reduced by a

factor of about 44. The temperature of the lithium cloud was ∼ 700µK.

After the MOT phase, we optically pumped lithium into the upper hyperfine state. At

the time, we did only hyperfine (F ) optical pumping, with a single laser beam resonant

with the F = 1/2, lower hyperfine ground state. We did not attempt any Zeeman (mF )

pumping, for reasons I will touch upon below in Section 3.2.1. The transfer efficiency of

lithium into the magnetic trap was (only) about 12%. Part of the reason for such ineffi-

cient transfer was that at the time, the MOT stage was still followed by 4ms of polarization

gradient “molasses” cooling of sodium. Molasses require a much more precise alignment

and balancing of light beams than the MOT. We could never simultaneously achieve per-

fect enough alignment for both species, and the lithium light was always damaging to the

transfer. To cut our losses, we simply turned off the lithium light, and let the lithium cloud

4These numbers are clearly at odds with our current two-species MOT described in Ch. 2. Everything
was still sub-optimal in these early days. I hope that the system parameters I report today will appear as
bafflingly sub-par a year or two from now.
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into free expansion for 4ms. This reduced the transfer efficiency by about a factor of 2.

The transfer efficiency of sodium atoms into the magnetic trap was about 33%, without

any optical pumping, since in the dark-SPOT most of the atoms are collected in the (three)

F = 1 states. We have thus magnetically trapped ∼ 6× 105 6Li and ∼ 2× 109 23Na atoms.

At this point, we started the first cooling stage, trying to reach a temperature of ∼
50µK as quickly as possible. Being too conservative with the evaporation rate would cause

unnecessary additional spin-exchange losses - once the system has thermalized, waiting

around for the inelastic losses to kill it did not seem like a very good idea.

We evaporated sodium on the |F,mF 〉 = |1,−1〉 → |2,−2〉 hyperfine transition near

1.77GHz. In standard BEC experiments, sodium is evaporated on the |1,−1〉 → |1, 0〉
RF transition. However, using this transition for evaporation would also cause unwanted

direct evaporation of lithium atoms. The 1.77GHz microwave field is on the other hand

completely invisible to 6Li.

After 5 s of evaporation, the mixture was cooled to ∼ 50µK5, with only about half the

lithium atoms lost. At this point, we found that a substantial fraction of lithium atoms was

in the |3/2, 1/2〉 state, which was yet another stroke of luck. This allowed us to transfer

lithium atoms to the |1/2,−1/2〉 state on a single-photon RF transition at 228MHz, which

is to first order independent of the magnetic field6.

However, not all F = 3/2 atoms were in the |3/2, 1/2〉 state, or at least not all were

successfully transferred into the |1/2,−1/2〉 state. Consequently, spin-exchange collisions

between lithium atoms in different hyperfine states led to a rapid loss of atoms from the

trap. To avoid this, we followed the RF pulse with a light pulse resonant with the F = 3/2

state, which optically pumped the atoms into either |1/2,−1/2〉, or the untrapped |1/2, 1/2〉
state. In this way, the overall efficiency of our hyperfine transfer was ∼ 50%.

The evaporation was then resumed for another 10 s. We observed efficient sympathetic

cooling of the |1/2,−1/2〉 atoms, and cooled both gases into quantum degeneracy without

further observable losses in the lithium atom number.

Fig. 3-4 displays the effect of sympathetic cooling on the 6Li cloud. The three absorp-

tion images of the trapped 6Li gas were taken after the 23Na evaporation was terminated

at different trap depths. Cooling (from top to bottom) is seen in the shrinking of the

density distribution, and an increase in the peak optical density. At this point, cooling is

conservative in the lithium atom number.

In order to determine the temperature of the lithium clouds, we performed two-dimensional

5This temperature was determined from the sodium cloud. The density of the lithium cloud at this point
was too low to provide enough signal-to-noise for direct temperature measurement. We took it on faith that
lithium was also cooled. Our hopes were confirmed by efficient trapping upon transfer of lithium into the
lower hyperfine state.

6A similar two-stage cooling and hyperfine transfer of 6Li was previously used by the group of Christophe
Salomon [18]. However, in their case 6Li was sympathetically cooled with 7Li, and in the first cooling stage
both atoms were trapped in the upper hyperfine states (|2, 2〉 for 7Li). In this case, all 6Li atoms were in
the |3/2, 3/2〉 state, and a two-photon transition had to be employed to transfer them into |1/2,−1/2〉.
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Figure 3-4: Onset of Fermi degeneracy. Three pairs of images (top to bottom) correspond
to T/TF = 2, 1, and 0.5. (a) Column densities of the 6Li cloud recorded by absorption
imaging. (b) Axial line density profiles and the Fermi-Dirac fits to the data are plotted.
The arrow indicates the size of the Fermi diameter, DF .

fits to the cloud column densities using a semi-classical (Thomas-Fermi) distribution for

trapped non-interacting fermions [56]. In this approach, the probability that an atom has

position ~r and momentum ~p is obtained from the Fermi-Dirac distribution for the total (ki-

netic and potential) energy of the particle. The fitting function for the spatial distribution

of atoms in the trap is then obtained by integrating out the momentum degrees of freedom.

This approach is valid at all temperatures, as long as the number of particles in the system

is large [56], and we do not need to take into account the exact form of the eigenstates of

the harmonic trapping potential.

Fig. 3-4(b) shows projected line densities along the axial direction of the 6Li cloud, and

the Thomas-Fermi fits to the data. The arrow indicates the size of the axial real-space

Fermi diameter

DF = 2

√

2kBTF
mω2z

(3.4)

where ωz is the axial trapping frequency and TF is determined from the fitted atom num-

ber, NLi = 1.4 × 105. DF represents the minimum size the cloud would assume at zero

temperature.

Encouraged by the seemingly low rate for spin-exchange collisions between F = 3/2

lithium and F = 1 sodium atoms, we also tried to cool this mixture all the way to degeneracy.

To our surprise even this worked, again leaving us with > 105 lithium atoms at T ∼ 0.5TF .
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In this case all the surviving atoms were in the |3/2, 1/2〉 state.

3.2.1 Some remaining confusions...

We were very pleased with these results, but we never quite understood the population

dynamics of different lithium mF states in the magnetic trap. Before returning to the main

story line, I briefly discuss some remaining puzzles.

During the loading phase we made no deliberate bias towards |3/2, 3/2〉 or |3/2, 1/2〉
state. Even the polarization of the optical pumping beam was not carefully controlled7.

Initially, part of the reason for this was that we did not know which state we preferred.

Later, the main reason for not studying this in detail was that the experiment seemed

to work, and we had more important things to do, such as to rush and start studying

interacting Fermi systems [3].

In the experience of Christophe Salomon’s group [57], and according to theoretical cal-

culations [54], only one of the two states should have survived a fast (< 1 s) inelastic

“clean-up”. In case of bosons, one can easily analyze possible spin-exchange collisions, and

conclude that it is always the stretched state that survives. In the case of 6Li, if we ignore

for now the presence of sodium in the trap, the winner of the clean-up should simply be the

state which is more populated to start off. So it could be either of the two, and the result

would depend on the uncontrolled outcome of optical pumping. The high shot-to-shot and

day-to-day reproducibility of our experiments does not support complete randomness.

Now, at the 50µK point, we discovered that the sample is sensitive to the RF frequency

corresponding to the zero-field hyperfine splitting of ∼ 228MHz. Given the finite bias

magnetic field of B0 ∼ 1G in our trap, this conclusively proved the presence of |3/2, 1/2〉
atoms in the sample. The fact that in this way we could not transfer all the atoms into

the |1/2,−1/2〉 state indicates, but does not really prove that |3/2, 3/2〉 atoms were also

present in the sample. If theorists tell us that presence of one state excludes the presence

of the other one, we would have no hard proof to refute this.

On the other hand, if sympathetic cooling in the F = 3/2 state was continued for

further 10 s, we were left with pure |3/2, 1/2〉 samples. At this point we could transfer all

the atoms into the |1/2,−1/2〉 state. The |3/2, 1/2〉 → |1/2,−1/2〉 transition is (at least to

first order) field independent and hence temperature insensitive. It is then hard to believe

that the inefficiency of the same transfer at 50µK is purely technical.

Now let us add sodium into the picture. Given the much higher density of the sodium

cloud, it is plausible that lithium spin-state dynamics are dominated by 6Li-23Na and not
6Li-6Li collisions. It then seems quite reasonable that the large sodium cloud in |1,−1〉
pumped the lithium atoms towards lower mF values. However, if the sodium cloud actually

drove the |3/2, 3/2〉 → |3/2, 1/2〉 transition, then it is not clear why it did not further

7By this I mean that the direction of the ambient magnetic field was not controlled.
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convert |3/2, 1/2〉 → |3/2,−1/2〉 with similar efficiency, and expelled all lithium atoms

from the trap.

While these puzzles intrigue me personally, it would be dishonest to say that they “will

be the topic of further work”. We have since designed a far superior (and better understood)

cooling strategy, and I doubt that anyone will ever go back to study these issues.

3.3 Condensation of 23Na in the F = 2 hyperfine state

Immediately after producing our first degenerate Fermi clouds [1], we started our first studies

of 6Li in the strongly interacting regime [3]. However, it became increasingly obvious that

our modestly sized samples would not offer a sufficient signal-to-noise ratio for a variety

of standard techniques of BEC research, such as velocimetry using long expansion times

or Bragg spectroscopy. We therefore felt that all future experiments would benefit in a

qualitative way if we stepped back to improve our cooling methods and produce larger, and

if possible colder, Fermi samples.

To this end, we decided to reexamine the possibility of the evaporative cooling of sodium

in the F = 2, upper hyperfine state. Potential benefits for sympathetic cooling of 6Li were

obvious - if we magnetically trapped both species in their stretched states, we would create

a mixture which is stable against spin-exchange collisions at all densities. This would bring

us closer to the sympathetic cooling strategy promised in Section 2.2.

Condensation in the upper hyperfine state of sodium is more difficult than in the lower

state for the following two reasons:

(1) Sodium atoms collected in the dark-SPOT are (essentially) all in the F = 1 state,

distributed approximately evenly among the three mF states. Efficient loading of the mag-

netic trap in the upper hyperfine state thus requires efficient optical pumping in a cloud

with a density ≥ 1011 cm−3. This is notoriously hard. In fact, the dark-SPOT was invented

in order to create laser-cooled samples with optical density much larger than 1 [48]8.

(2) The experimentally measured three-body loss rate coefficient in the upper hyperfine

state is ∼ 1.6 × 10−29 cm3/s [58], about an order of magnitude higher than in the lower

hyperfine state. This result was obtained by transferring optically trapped F = 1 BECs

into the upper hyperfine state, and then studying them.

Neither of these reasons was however really prohibitive, as we will see below.

3.3.1 Magnetic trap loading

Our method for loading sodium into the magnetic trap in the |2, 2〉 state is sketched in

Fig. 3-5.

8In F = 1 BEC experiments, ∼ 33% of the atoms are transferred into the magnetic trap in the |1,−1〉
state, and we have traditionally been unsuccessful at increasing this transfer efficiency by optical Zeeman
pumping.
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After the dark-SPOT laser light and magnetic fields were turned off, a guide magnetic

field of 3G was applied, and the atoms were optically pumped for 2ms, using σ+ polarized

light. The polarization gradient cooling stage was eliminated from the experimental pro-

cedure, in order to enhance the efficiency of lithium loading into the magnetic trap (See

Section 3.2). We found that this did not have any adverse effects for sodium cooling.
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Figure 3-5: Loading of |F = 2,mF = 2〉 sodium atoms into the magnetic trap from a dark-
SPOT. Full lines: atoms are optically pumped from the F = 1 ground state using two σ+

polarized light beams. Dashed lines: in the magnetic trap, the unwanted |F = 2,mF = 0, 1〉
atoms are transferred into the untrapped |F = 1,mF = 0, 1〉 states in order to prevent
inelastic spin-exchange collisions with the |2, 2〉 atoms.

To achieve both F (hyperfine) and mF (Zeeman) pumping, two light beams were used,

resonant with the F = 1 and F = 2 ground states. Frequencies of the two pumping beams

were optimized empirically, and the highest fraction of atoms we could pump into the |2,+2〉
state was about 30%.

In optimizing the optical pumping frequencies we found a little surprise. The magnetic

trap loading was most efficient if both beams were resonant with F ′ = F transitions (Fig. 3-

6), where F ′ denotes the total spin of the excited state, as usual.

It makes perfect sense that the mF -pumping “F = 2” beam is kept resonant with the

F = 2→ F ′ = 2 transition. In this way, |2, 2〉 is a dark state. If the cycling F = 2→ F ′ = 3

transition was used, this would ensure that F = 2 atoms do not fall back into the F = 1

ground state, but it would also make |2, 2〉 atoms visible to the light, and would lead to

unnecessary heating of the cloud.
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Figure 3-6: Frequencies for sodium optical pumping. Magnetic trapping was surprisingly
most efficient if the F = 1 → F ′ = 1 transition was used for hyperfine pumping. Zeeman
pumping was (sensibly) done on the F = 2→ F ′ = 2 transition.

However, keeping the hyperfine-pumping F = 1 beam resonant with the F ′ = 1 makes

very limited sense, since this also makes |1, 1〉 a dark state. Of course, light polarizations are

never perfect, and this state is not really dark. Still, for all F = 1 states, Clebsch-Gordan

coefficients tell us that optical pumping into the F = 2 ground state would be more efficient

if F = 1→ F ′ = 2 transition was used, in disagreement with our observations.

After the optical pumping stage, the atoms were loaded into the IP magnetic trap with

a radial gradient of 164G/cm, and axial curvature of 185G/cm2. As I discussed earlier,

sodium atoms in all three |F = 2,mF ≥ 0〉 states are (at least weakly) magnetically trap-

pable (Fig. 3-2(b)), but only pure |2, 2〉 samples are stable against inelastic spin-exchange

collisions. A crucial step in preparing the samples for efficient evaporation was to actively re-

move |F = 2,mF = 0, 1〉 atoms from the trap, before they engaged in inelastic collisions with

the |2, 2〉 atoms. The atoms were loaded into a weak magnetic trap, with a high bias field of

B0 = 80G. This field splits the F = 2 Zeeman sub-levels by (1/2)µBB0 ∼ kB×2.8mK. Since

this splitting was larger than the temperature of the cloud, the different states could be

resolved in microwave spectroscopy, and the |F = 2,mF = 0, 1〉 atoms could be selectively

transferred to the untrapped |F = 1,mF = 0, 1〉 lower hyperfine states (Fig. 3-5). This

transfer was done with a microwave sweep near the 23Na hyperfine splitting of 1.77GHz.

In this way, all the |2,+2〉 atoms initially loaded into trap could be preserved.

Further, we were able to “recycle” some of the untrapped atoms by optically pumping

them out of the F = 1 ground states, and thus giving them a “second chance” to fall

into the |2,+2〉 state. The final setup consisted of two microwave sweeps, the first of 0.8 s

duration with the optical pumping light on, and the second of 2.4 s duration without the

light. In this way, the overall transfer efficiency from the dark-SPOT to the magnetic trap
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was improved to about 35%, comparable to our standard F = 1 BEC experiments [47].

Starting with ∼ 1010 23Na atoms collected in the dark-SPOT, we loaded > 3 × 109 |2, 2〉
atoms into the magnetic trap.

At this point, the magnetic trap was tightened by reducing the bias field to 3.8G in

2.4 s. Resulting trapping frequencies were 204Hz radially, and 34Hz axially. This provided

good conditions for forced runaway evaporation of sodium. Evaporation was done on the

|2,+2〉 → |1,+1〉 microwave transition near 1.77GHz. As in Section 3.2, the motivation

for using microwave evaporation was to ensure that 6Li is not evaporated in sympathetic

cooling experiments.

3.3.2 Avoiding three-body losses

After 15 s of evaporation, the sodium atoms reached a temperature of T ∼ 10µK. Up to this

point, we did not observe any significant three-body losses. This was verified by interrupting

the evaporation, and observing that the lifetime of the cloud was still longer than 10 s.

However, if the evaporation was pushed further, three-body losses became significant.

We could still condense sodium after further 15 s of evaporation, but the BEC was limited

to ≤ 106 atoms, and had a lifetime of only ∼ 200ms.

In order to eliminate the problem of three-body losses, at this point we reduced the

cloud density by adiabatically reducing the trapping frequencies. The three-body loss rate

is proportional to the square of the gas density, n2. Therefore, to increase the characteristic

decay time of the cloud from a few hundred milliseconds to a few seconds, it is sufficient to

decrease the density by a factor of 3−5. In a classical gas, during adiabatic decompression,

density scales simply as the product of the inverse oscillator lengths in three dimensions,

and so:

ncl ∝ ω3/2 (3.5)

In a weakly interacting BEC, balancing the mean-field energy (∝ n), and the potential

energy in the trapping potential (∝ ω2n−2/3) gives:

nBEC ∝ ω6/5 (3.6)

In either case, reducing ω by a factor of about 3 suffices. We reduced the trapping

frequencies to 49Hz radially, and 18Hz axially. After this adiabatic decompression of the

cloud and 15 s of further evaporation, we could produce almost pure |2, 2〉 BECs containing
up to 10 million atoms. The lifetime of the BEC in the weak trap was longer than 3 s.
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3.4 Sympathetic cooling with sodium in the F = 2 state

Once we established evaporation of sodium in the F = 2 state, the benefits for sympathetic

cooling of lithium were immediate and dramatic.

3.4.1 Boost in the 6Li atom number

As described in Ch. 2, we collected ∼ 1010 23Na and ∼ 108 6Li atoms in a two-species MOT.

After the MOT stage, during the 2ms of optical pumping for sodium, we also optically

pumped 6Li into the stretched |3/2, 3/2〉 state. Again, two σ+ polarized laser beams were

used, resonant with the F = 1/2 and 3/2 ground states. In case of 6Li, the excited state

is not resolved, so the discussion of dark states during the optical pumping does not arise.

Due to the small optical density of the 6Li cloud coming out of a bright MOT, most of the

atoms could be pumped into the stretched state.

This was pretty much all we had to do. At this point we simply evaporated sodium the

same way as in Section 3.3, and observed essentially ideal sympathetic cooling of lithium.

During the typical 30 s of evaporative/sympathetic cooling, we observed no significant in-

elastic loss of lithium atoms. Here, the residual losses could arise from three-body collisions

or dipolar relaxation, since spin-exchange collisions have been completely eliminated. How-

ever, in our case, the final number of degenerate 6Li atoms was at least half of the number

initially loaded into the trap. We did not study this in detail, but such a small loss rate is not

inconsistent with the only loss process being the unavoidable collisions with the background

gas in the vacuum chamber.

At the same time, we (again) observed a favorable rate of elastic collisions between the

two species. The inter-species thermalization time was “shorter than 1 s” [2]. This loose

upper bound really means that, as long the number of sodium atoms was larger than the

number of lithium atoms, at no time did we observe any lag in lithium temperature behind

the sodium one.

At the end of evaporation, we still had up to ∼ 7× 107 6Li atoms in the trap. Since our

primary interest was cooling of fermions, we evaporated all sodium atoms in order to get

lithium to the lowest possible temperatures. In this way, even in our largest 6Li samples,

we achieved temperatures below 0.5TF .

This meant that a year after our first sympathetic cooling experiments, we produced
6Li samples with 500 times more atoms, at about the same temperature (measured relative

to TF ). The increase in atom number came from several sources, which I recapitulate

here. The balance roughly works out, even though some of these estimates are somewhat

provisional:

(1) By getting better at simultaneously aligning and balancing the MOT laser beams

for the two species, we improved the number of atoms in the single-species 6Li MOT by a

factor of ∼ 5− 10.
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(2) By learning how to minimize the light-assisted losses, we gained another factor of

∼ 2 in the lithium atom number in the two-species MOT.

(3) Eliminating polarization gradient cooling of sodium from the experimental procedure

increased the transfer efficiency of lithium atoms into the magnetic trap by a factor of ∼ 2.

(4) We further increased the transfer efficiency of lithium into the magnetic trap by a

factor of ∼ 3− 5 by better optical pumping. In F = 1 sympathetic cooling strategy, optical

pumping probably could not have been improved, since (it seems that) the non-stretched

|3/2, 1/2〉 state was preferred for magnetic trapping.

(5) By eliminating spin-exchange losses and the imperfect hyperfine transfer of lithium

atoms during the evaporative/sympathetic cooling, we gained another factor of ∼ 3− 4.

3.4.2 Trading-in the 6Li atom number for deeper quantum degeneracy

At this point, we had achieved more than we hoped for in terms of increasing the size of

our degenerate Fermi samples. However, we also wanted to reduce their temperature. With

our new sympathetic cooling strategy, we had 6Li atoms to spare, and suddenly became

limited by the finite size of our 23Na refrigerator.

In order to go deeper into quantum degeneracy, we deliberately reduced the number of
6Li atoms, in order to increase the ratio of the heat capacity of our sodium refrigerator to

the heat capacity of the lithium cloud. This tradeoff turned out to be very favorable. By

reducing the lithium number only slightly, to ∼ 3× 107, we could achieve temperatures in

the range 0.05− 0.2TF . An example of our coldest Fermi samples is shown in Fig. 3-7.

As before, temperatures were extracted from absorption images of the clouds, using a

semiclassical (Thomas-Fermi) fit to the Fermi-Dirac distribution [1, 56]. One difference is

that in contrast to Section 3.2, the clouds were now imaged after ∼ 10ms of free expansion

from the trap. The quoted temperature range reflects both the shot-to-shot and day-to-day

reproducibility of our experiments, and the fact that the Fermi distribution is only weakly

sensitive to the temperature in the ultra-degenerate limit.

Comparing Fig. 3-7 with Fig. 3-4 should make it rather obvious how much we improved

our Fermi system since our early experiments, both in terms of the offered signal-to-noise

for absorption imaging, and in terms of the level of quantum degeneracy. Our new 6Li

clouds had a high enough optical density for crisp absorption imaging even after ballistic

expansion to a size larger than one millimeter (Fig. 3-7(a)). While in Fig. 3-4(b), the size

of the coldest cloud is “comparable” to the axial Fermi diameter DF [1], in Fig. 3-7(b) the

two are virtually indistinguishable.

Note that after time t of free expansion from the trap, the (axial) Fermi diameter of the

cloud is given by:

DF (t) = DF (0)
√

1 + ω2z t
2 = 2

√

2kBTF
mω2z

(1 + ω2z t
2) = 2vF t

√

1 + ω2z t
2

ω2z t
2

(3.7)
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Figure 3-7: Large and ultra-degenerate Fermi sea. (a) Absorption image of 3 × 107 6Li
atoms released from the trap and imaged after 12ms of free expansion. (b) Axial (vertical)
line density profile of the cloud in (a). A semiclassical fit (thin line) yields a temperature
T = 93nK= 0.05TF . At this temperature, the high energy wings of the cloud do not
extend visibly beyond the Fermi energy, indicated in the figure by the momentum-space
Fermi diameter.

where vF =
√

2kBTF /m is the Fermi velocity. In absorption imaging, we always record

the spatial extent of the cloud. However, for long expansion times, this becomes the direct

measure of the momentum distribution.

3.4.3 Two-species degenerate mixture

In optimizing the sympathetic cooling of 6Li we always evaporated sodium completely. Since

large lithium clouds present a severe heat capacity “payload”, we could not simultaneously

condense sodium and produce our best degenerate Fermi samples. However, we could

make a reasonable compromise and produce a two-species quantum degenerate Bose-Fermi

mixture with several million atoms of each species (Fig. 3-8). The mixture was stable, with

a lifetime of several seconds.

In order to optimize the cooling strategy for either single- or two-species experiments,

we implemented a dual-imaging technique, in which both 6Li and 23Na clouds were imaged

onto the same CCD camera using separate light pulses. The times of free expansion of the

two gases after the release from the magnetic trap could be varied independently.

3.5 Summary of sympathetic cooling experiments

There are two 23Na and three 6Li hyperfine ground states which are magnetically trappable

and, at least on their own, stable against spin-exchange collisions. During our search for the

ideal sympathetic cooling experiment, we have cooled all five of these states into quantum
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Figure 3-8: Two-species mixture of degenerate Bose and Fermi gases. For the displayed
image, the expansion times were tLi = 8ms and tNa = 25ms and the atom numbers were
NLi ∼ 107 and NNa ∼ 6 × 106. Sodium was cooled below the condensation temperature,
corresponding to ∼ 0.2TF for the lithium cloud. Condensation of sodium is seen in the
characteristic anisotropic expansion of the BEC [10].

degeneracy.

While we have produced respectable degenerate Fermi samples in all three magnetically

trappable lithium states, the |3/2, 3/2〉 state, cooled with sodium in the |2, 2〉 state, gave
us by far the best results. In this state, we have now produced degenerate Fermi samples

comparable in size with the largest alkali BECs [46].

In our coldest lithium samples we reached a temperature of 0.05TF , currently the lowest

ever achieved. At present, we would not know how to conclusively extract even lower

temperatures. Hence, while I believe that lower temperatures will soon be reached by all

experimental groups, we will also need to develop better fitting (or detection) methods in

order to extract them.

In achieving all this, at no point did we have to perform any detailed studies of the

collisions between 23Na and 6Li, either elastic or inelastic. To this day, the most accurate

statement we can make about the inter-species collisions in our experiments is that they

are favorable. Essentially everything we tried worked at least as well as we hoped. I cannot

stress enough how fortunate this position is for a sympathetic cooler.
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Chapter 4

Interactions in 6Li spin mixtures

The true long term interest in degenerate Fermi gases lies in the studies of the strongly

interacting spin mixtures. For most part, we will be interested in the simplest interacting

Fermi system, involving two different spin states. The unique appeal of these systems

stems from the fact that the strength of the interactions is widely tunable, as we will see

in this chapter. A particular “Holy Grail” of this field is the attainment of novel regimes

of fermionic superfluidity [31–42]. However, with the number of new theoretical proposals

constantly growing, other interesting many-body states may be within reach.

As we will see in Ch. 5, production and studies of strongly interacting fermionic spin

mixtures involves a whole new set of experimental tools. Despite these difficulties, we have

recently witnessed a rapid progress in achieving and characterizing the strongly interacting

regime in both 40K [22, 24, 27, 29] and 6Li [3, 5, 23, 25, 26, 28, 59]. Our own contributions to

this research [3–5] will be described in Chs. 6 through 8.

In this chapter I briefly introduce the relevant theoretical background - the types of

collisions occurring in the system, and the resonant control of interactions in the vicinity

of Feshbach resonances. I conclude by briefly indicating why in these systems a superfluid

transition may occur at surprisingly modest levels of degeneracy.

4.1 Language of collisions

Collisions in ultracold gases are discussed in a host of review papers [60, 61] and books [62–

65]. Here I discuss some main concepts without mathematically rederiving any well known

results.

4.1.1 Inelastic, elastic, and coherent collisions

We can distinguish three types of collisions in an atomic gas - inelastic, elastic, and coherent:

(1) Inelastic collisions involve a transfer of energy between internal and external degrees

of freedom. Some examples of such collisions were mentioned in Ch. 3. In three-body
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recombination, two atoms form a molecule, and share the released binding energy with a

third one. In spin-exchange collisions, the change in Zeeman and/or the hyperfine energy

of one or both particles is converted into kinetic energy. As a rule of thumb, the internal

energy scale is much larger than the external one in ultracold gases. Products of inelastic

collisions are therefore most commonly lost from the trap, even when they are in principle

trappable. In rare cases when the released energy is still smaller than the trap depth,

inelastic processes lead to the heating of the sample.

(2) Elastic collisions conserve the total kinetic energy and momentum of the two colliding

particles, but can change the momenta of each particle. These collisions are responsible for

establishing thermal equilibrium in the sample. In a two-state mixture of fermions below

the p−wave threshold, the only interactions will be s−wave collisions between two atoms

in different spin states.

(3) Coherent collisions are a subset of elastic collisions in which the incoming and the

outgoing (two-particle) state are identical. These collisions do not change the momentum

distribution in the sample, but they do contribute to the (many-body) ground state energy.

In our case, the only allowed coherent collision process is forward scattering, with both

particles preserving their momenta. The exchange interaction, in which the particles would

interchange their momenta, is forbidden because the particles are distinguishable and the

outgoing state would be different from the incoming one.

4.1.2 Elastic scattering amplitude

In the s−wave limit, two-body collisions at a finite energy are described by the scattering

amplitude:

f = − a

1 + ika
= − a

1 + k2a2
(1− ika) (4.1)

where a is the scattering length and ~k is the relative momentum of the colliding particles.

All the details of the scattering potential are encoded in the value of a. Postive/negative

values of a correspond to repulsive/attractive interactions.

The total cross-section for elastic collisions is then given by:

σ = 4π|f |2 = 4πa2

1 + k2a2
(4.2)

4.1.3 Weakly interacting limit

In the weakly interacting limit, ka ¿ 1, Eqs. 4.1 and 4.2 reduce to the more familiar

expressions f = −a and σ = 4πa2. In this limit, the deBroglie wavelength of the particles is

longer than a, so it seems reasonable that the detailed structure of the scattering potential

is not important. Further, for fermions, the typical distance between particles in a gas

must be even larger than the deBroglie wavelength. We can then safely, though with some
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effort [60], model the interaction with an effective short range potential of the form:

V (~r) =
4π~2a
m

δ(~r) = U0δ(~r) (4.3)

This result also agrees with the Born approximation. Intuitively, if the scattering ampli-

tude is (proportional to) the Fourier transform of the scattering potential, and it has no k

dependence, then clearly the potential must be a δ function.

Now we can trivially see that the mean-field energy felt by a test particle moving through

a sea of scatterers with density n is:

4π~2a
m

n (4.4)

In analogy with the index of refraction, or the interaction self-energy of a particle, we

intuitively expect that Re(f) determines the change in the particle’s energy, while Im(f)

determines its lifetime, or the total rate of scattering out of a state. The latter is formally

expressed through the optical theorem:

σ = 4π|f |2 = 4πIm(f)

k
(4.5)

Therefore, even in this limit, we should formally preserve the small imaginary part of

f = −a(1− ika).
In our language, Re(f) describes the coherent collisions and the mean-field, while Im(f)

describes all the other, velocity changing, elastic collisions. Therefore, Re(f) controls the

ground state properties of a many-body system, while Im(f) controls the dynamic properties

such as the thermalization rate.

4.1.4 Strongly interacting limit

As we will see in Section 4.2, a sensitively depends on the details of the interatomic potential

and can be orders of magnitude larger than the range of the potential R. Therefore, even in

the “low energy” s−wave limit, given by kR ¿ 1, it is still possible that k|a| À 1. In this

limit, scattering is still isotropic, but it does depend on the energy of colliding particles.

For k|a| → ∞, the elastic cross-section approaches a “unitarity limited” value of:

σ =
4π

k2
(4.6)

More intriguingly, we see that for k|a| À 1:

Re(f)→ − 1

k2a
(4.7)

actually decreases with increasing |a|.
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In a degenerate Fermi gas, atoms will have a spread of relative momenta set by the Fermi

momentum ~kF =
√
2mkBTF . Therefore, obtaining both the total rate of elastic collisions

and the total interaction energy will involve averaging over the momentum distribution [9,

26]. In this case, even for values of |a| up to ∼ 10/kF , the average value of Re(f) is

comparable to−sgn(a)1/kF . Similar considerations apply to a classical gas, with the relative

momentum spread given by the temperature.

4.2 Feshbach resonances

One of the many flexibilities offered by dilute atomic gases is that the strength of inter-

atomic interactions can be externally controlled. In the language of conventional condensed

matter systems, this is somewhat analogous to having an experimental knob which controls

the electron charge. In fact, the freedom offered to an atomic experimentalist is even

greater, as we can change not only the strength of interactions, but also their nature -

from repulsive to attractive. This tunability of interactions relies on the existence of so-

called Feshbach resonances [66]. These scattering resonances occur if the total energy of

two colliding atoms is shifted into degeneracy with a quasi-bound molecular state. This

mechanism has been demonstrated in atomic Bose gases [67–70], and has been used to

dramatically alter their properties [71–75]. In experiments with degenerate Fermi gases,

the ability to control the inter-species interactions is a crucial component in the search for

novel regimes of superfluidity [37, 40, 42].

In this section I outline the main features of resonant scattering in general , and Feshbach

resonances in particular.

4.2.1 Scattering resonances

In order to see how the scattering length can be strongly modified by small changes in the

scattering potential, consider the exactly solvable toy model shown in Fig. 4-1. Here, two

particles of equal mass m interact via a spherical box potential of depth V0 and range R

(Fig. 4-1(a)), and we assume that their kinetic energy in the center of mass frame is (close

to) zero. Discrete bound (molecular) states of the potential are indicated by dashed lines.

Fig. 4-1(b) shows the corresponding scattering length as a function of the potential depth

V0 [60]:

a = R− tan(k0R)

k0
(4.8)

where k0 =
√
mV0/~. We see that for most values of k0R (larger than ∼ 21), the scattering

length is roughly constant and has a typical “background” value of a ∼ R. In alkali atoms,

1Real interatomic (molecular) potentials have many bound states, so we need not be concerned with the
low k0R values.
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this is typically a few nanometers.
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Figure 4-1: Cartoon of scattering resonances. (a) A model scattering box potential of depth
V0 = ~k20/m and range R. (b) The corresponding scattering length as a function of k0R.
Away from the discrete resonances, the dashed line reasonably approximates the plateaus
at a ≈ R.

However, we also see a number of discrete resonances at k0R = (2n+ 1)π/2, where n is

an integer. Each of these resonances exactly corresponds to an appearance of a new bound

state in the scattering potential. We can also see the general “topology” of a resonance -

a weakly bound state corresponds to a diverging positive a, while a virtual “about to be

bound” state gives a diverging negative a.

To bring our discussion closer to reality, now consider the more realistic interatomic van

der Waals potential shown in Fig. 4-2. Here I include the centrifugal barrier for partial waves

with angular momentum l > 0. We will eventually be interested in s−wave scattering, but

this slight dishonesty will ease the intuitive introduction of some resonance concepts. The

same qualitative analysis as for Fig. 4-1 applies here, and we can also make a few further

remarks:

(1) Now we also have “bound” states of the potential with positive energies, giving rise

to scattering resonances at finite kinetic energy. These states however are not truly bound,

but have a finite lifetime given by the tunnelling rate through the potential barrier.

(2) Neglecting the interaction with the further detuned bound states, we know from

standard second order perturbation theory that the virtual scattering leads to “repulsion”

of the incoming state and the closest bound state. This immediately reproduces our math-

ematical observation that a weakly bound state leads to repulsive interaction (a > 0), and

the reverse holds for a bound state slightly above the incoming energy.

(3) Exactly on resonance, non-degenerate perturbation theory breaks down. The proper

eigenstates of the system are then the symmetric and the anti-symmetric superposition of

the incoming and the bound state. The interaction splits these two states symmetrically.

Waving our hands, we can then argue that the incoming/outgoing state contains equal parts

of these two states, and hence does not experience any energy shift. This can intuitively
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explain why very close to resonance, while a diverges2, Re(f) → 0 (Eq. 4.7). We also

recover our analogy with the optical index of refraction, whose real part vanishes exactly

on resonance.

E

r

Figure 4-2: Shape scattering resonance. Scattering is resonantly enhanced whenever the
incoming energy coincides with the energy of a (quasi-)bound state. This mechanism occurs
for partial waves with l > 0.

This type of scattering resonance is know as the “shape” resonance, since it depends on

the shape of the scattering potential and (crudely) occurs when the deBroglie wavelength

of the incoming particle is commensurate with the range of the potential. Such a resonance

for p−wave scattering in 40K was observed by DeMarco et al. [76].

4.2.2 Tuning the scattering length with a magnetic field

Figure 4-3 indicates how scattering resonances can also occur for s−wave scattering, and

how they can be reached by applying an external magnetic field. This effect is known as

the Feshbach resonance [65, 66].

So far, I have discussed collisions between two particles ignoring their internal degrees of

freedom. The molecular potential curves, such as shown in Fig. 4-2, actually depend on the

spin configurations of the colliding particles. S−wave Feshbach resonances are mediated

by coupling between two different spin configurations, or collision “channels”. In Fig. 4-3,

molecular potential curves are sketched for two different (two-particle) spin configurations.

The atomic sample is prepared in the lower energy, “open” channel. The energy difference

between the two curves is set by some internal energy scale, and as such it is usually much

larger then the typical external energies in an ultracold gas. This is why the higher energy

spin channel is “closed”.

A Feshbach resonance occurs if the energy in the open channel coincides with one of

the bound states of the closed channel. The coupling between the two channels takes place

at intermediate distances of order R. Generally, the molecular states (r ¿ R) and the free

2This is also not strictly true, if we introduce the finite width of the bound state.
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Figure 4-3: Feshbach resonance. Tunability of the scattering length by magnetic field.

particle states (r À R), have different good (magnetic) quantum numbers. In the cross-

over region, r ∼ R, the decoupled channels drawn in Fig. 4-3 do not represent an exact

diagonalization of the total hamiltonian. This channel-coupling interaction here takes the

role which the tunnelling had for a shape resonance.

The beauty of the Feshbach resonances is that, since the two channels correspond to

different internal atomic (or molecular) states, they respond differently to externally ap-

plied electro-magnetic fields. Specifically, if the two channels have different total magnetic

moments, we can tune their relative energies simply by applying an external magnetic field.

The energy distance to the closest bound state is then given by:

E − E0 = ∆µ(B −B0) (4.9)

where ∆µ is the difference between the magnetic moments for the closed and the open

channel, and E0 and B0 are the energy, and the magnetic field position of the resonance.

In the vicinity of the resonance, we can assume that only the distance to the closest

bound state varies appreciably, while the contributions to a from the distant states are

energy independent. We then traditionally write the dependence of a on the magnetic field

B as [65, 77]:

a = anr

(

1 +
∆B

B −B0

)

(4.10)

where anr is the non-resonant, background contribution from the distant states. The mag-
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netic field width of the resonance:

∆B ∝ 1

anr∆µ
(4.11)

is defined as the range of fields around the resonance for which the resonant contribution

to a dominates the background contribution.

Again, Eq. 4.10 can intuitively be understood as the result of non-degenerate second

order perturbation theory.

4.2.3 Strongly interacting limit revisited

Near the resonance, we can ignore the background contribution to a in Eq. 4.10, and consider

only the resonant form of the scattering length a = anr∆B/(B − B0). Substituting this

form into Eq. 4.1, at finite k we obtain:

Re(f) = − 1

anrk2
B −B0
∆B

1

1 +
(

B−B0

anrk∆B

)2

σ =
4πIm(f)

k
=

4π

k2
1

1 +
(

B−B0

anrk∆B

)2 (4.12)

These equations now indeed pleasingly resemble the dispersive (real) and absorptive

(imaginary) parts of the optical index of refraction.

From an experimental point of view, we may also choose to redefine ∆B as the magnetic

field range in which the gas characterized by a typical k (or kF ) is strongly interacting,

ka ≥ 1. This inequality holds for |B − B0| < ∆B′, with ∆B′ = kanr∆B. Equation 4.12

than simplifies to:

Re(f) = −1

k

B −B0
∆B′

1

1 +
(

B−B0

∆B′

)2

σ =
4πIm(f)

k
=

4π

k2
1

1 +
(

B−B0

∆B′

)2 (4.13)

4.2.4 Adiabatic creation of diatomic molecules

Finally, note that an adiabatic (Landau-Zener) sweep of the magnetic field through the

Feshbach resonance can be used to permanently transform an ultracold atomic gas into a

gas of diatomic molecules. The sweep should be done from the “atomic” to the “molecular”

side of the resonance, i.e. from the attractive (a < 0) to the repulsive (a > 0) side. This

is a two-body process and does not involve any inelastic release of energy. The process is

also reversible - an adiabatic sweep in the opposite direction will convert the molecules back

into atoms.
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Using this method, Regal and Jin [29] have recently created molecules from a 40K Fermi

gas. Diatomic 6Li molecules have subsequently been created in the group of Christophe

Salomon [30], and in our group (unpublished). In Bose atomic gases, the same method was

applied to 87Rb [78], 133Cs (group of Rudi Grimm, unpublished) and 23Na (our next door

neighbors, unpublished).

4.3 High temperature superfluidity of 6Li?

As most papers concerning degenerate Fermi gases, and this thesis, keep reminding us, the

Holy Grail of this field is the attainment of novel regimes of fermionic superfluidity. Here

I very briefly outline why we, as the field, are hopeful that this transition may occur at

temperatures which are already experimentally reachable.

In a conventional superconductor, electrons pair into spin singlets due to an effective

attractive s−wave interaction, which is mediated by the exchange of phonons. The maxi-

mum phonon energy is given by the Debye temperature TD, and hence the electron-electron

interaction can be attractive only within kBTD of the Fermi surface. The characteristic

vibrational energies in a crystal, or a molecule, are ∼
√

me/m times smaller than the elec-

tronic energies. Here, me and m are the electron and the atom (ion) mass, respectively. In a

metal, the Fermi energy of the electrons is of the same order as a typical electronic energy in

an atom or a ground-state molecule, a few eV 3 Therefore, we can estimate TD ∼
√

me/mTF .

In the standard (Cooper) derivation of the superconducting gap parameter or pairing tem-

perature, we assume that at energies up to kBTD, the effective electron-electron attraction

is of constant strength V [20, 79]. The result for the superconducting critical temperature

can then be written as:

Tc ∼
√

me

m
TF e

− 1
N0V (4.14)

where N0 = (me/2π
2~2)kF is the density of states at the Fermi energy.

In ultracold Fermi gases, the most promising pairing mechanism is a direct, attractive

s−wave interaction between atoms in two different spin states. In this case, the interaction

is attractive at all energies up to EF . In the weak-coupling regime, the strength of the

attractive interaction is given by (4π~2/m)a, with a < 0. If we then blindly translate the

Cooper result (Eq. 4.14) into atomic physics, we obtain:

Tc ∼ TF e−
π

2kF |a| (4.15)

We see two reasons for the potential enhancement of Tc/TF . First, the prefactor in

Eq. 4.15 is larger than in Eq. 4.14 by a factor
√

m/me ∼ 102. This will be true even for

3All of these energies correspond to the localization to approximately one Bohr radius. This is the typical
size of the lattice spacing in a crystal, the size of an atom, or the size of a molecule.
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more complicated pairing mechanisms, as atomic systems have only one characteristic mass

scale.

Second, the exponent in Eq. 4.15 is “widely tunable”. This statement should however

be taken with a grain of salt, since it not clear how the theory can be extended into the

strong-coupling regime kFaÀ 1. As we have already seen in this chapter, while a is widely

tunable, we should certainly not hope for the properly calculated exponent of Eq. 4.15 to

be smaller than unity, or even π/2. Nonetheless, we can see that it might be reasonable to

hope for a transition on the 10−1 TF scale.

Several authors have theoretically studied the superfluid transition in the strongly inter-

acting regime, near a Feshbach resonance [37, 40, 42], and have concluded that the transition

temperature may indeed be as high as 0.5TF .

In this regime, a cross-over between a BCS state and a BEC of tightly bound diatomic

molecules could also be studied [42].
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Chapter 5

Experiments with 6Li in the

vicinity of Feshbach resonances

In this chapter I briefly introduce the experimental methods and the types of measurements

we use for studying strongly interacting 6Li spin mixtures. For a complementary discussion

and further technical details, I also refer the reader to the (concurrently written) PhD thesis

of Subhadeep Gupta [9].

5.1 Prediction of Feshbach resonance(s) in 6Li

In order to design a Feshbach resonance experiment and access its feasibility, we need to

rely on theoretical predictions for magnetic field positions and widths of the resonances.

Examples of experimentally relevant questions are:

(1) Do resonances occur at magnetic fields which can be relatively easily generated in

the lab?

(2) What internal atomic (ground) states are involved and how can they be trapped at

the relevant magnetic fields?

(3) What are the widths of the resonances, and hence what level of magnetic field

stability and spatial uniformity is required in order to resolve them?

Theoretical predictions of Feshbach resonances crucially depend on the details of the

interatomic potentials, which are generally not well known. Such predictions are thus

constantly evolving, as they get further constrained by new experimental results. However,

even preliminary calculations are usually accurate enough to design an experiment.

At the time we started our experiments, we were guided by the calculations of Houbiers

et al. [54] (Fig. 5-1). For the two lowest ground states of 6Li, a broad inter-state s−wave
resonance was expected to occur in the vicinity of 800G. At high magnetic fields, these two

states correspond to |mJ ,mI〉 = | − 1/2, 1〉 (lowest state) and | − 1/2, 0〉 (second to lowest).

For simplicity, we shall label them |1〉 and |2〉 at all magnetic fields (Fig. 5-1(b)).
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Figure 5-1: Predicted Feshbach resonance in 6Li. (a) For the two lowest hyperfine states of
6Li, |1〉 and |2〉, the inter-state s−wave scattering length a12 is predicted to have a broad
resonance at ∼ 800G (taken from [54]). a0 is the Bohr radius. (b) Electronic ground
states of 6Li in the relevant range of magnetic fields. Since the ~I · ~J hyperfine interaction
is essentially completely decoupled by the external magnetic field, we see two mI triples
corresponding to mJ = ±1/2. The six states are labelled according to increasing energy.

Magnetic fields of ∼ 800G are relatively moderate, and the (unusually) large width of

the resonance, of the order of 100G, does not pose any stringent requirements for magnetic

field stability.

Similar Feshbach resonances should occur for mixtures of any two mJ = −1/2 states.

However, we intuitively expect that the combination of two lowest states is most stable

against any inelastic processes [39]. This makes it particularly appealing for studies of

strongly interacting Fermi systems, and possible observation of superfluidity.

5.2 Experimental methods

5.2.1 Generation of uniform high magnetic fields

Uniform magnetic fields up to ∼ 1000G can be generated by the anti-bias coils of our IP

magnetic trap (Fig. 3-1). These coils generate a field of 2.06G/A, and are powered by a

commercial 500A DC power supply.

We have recently built a new magnetic trap, taking extra care that the anti-bias coils

are mounted in an almost perfect Helmholtz configuration [8]. This ensures that the applied

magnetic fields are essentially uniform across the few millimeter long atomic clouds. Our

estimate is that for the highest applied fields, the residual field curvature results in < 1G

field variation across the atomic sample.
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5.2.2 Optical trapping

States |1〉 and |2〉 are both high field seeking at high magnetic fields (Fig. 5-1). A strongly

interacting mixture of these two states can thus be studied only in an optical dipole trap

(ODT) [80].

An optical dipole trapping potential is created by the negative AC Stark shift of the

ground state energy in the presence of a red detuned laser beam [43]. Our ODT is formed

by a focus of a single laser beam at 1064 nm, which is aligned with the axis of the magnetic

trap. Since the detuning of the trapping laser is much larger then the energy difference

between different ground states, all the states experience the same trapping potential.

The ODT light is produced by a commercial fiber-amplified Nd:YAG laser. The maxi-

mum laser power available for trapping is ∼ 4W, and the beam is focused to 1/e2 radius

of 16µm. For 6Li ground states, this yields a maximum trap depth of kB× ∼ 600µK, and

maximum trapping frequencies of ∼ 18 kHz radially, and ∼ 280Hz axially. This gives a

Fermi temperature as function of lithium atom number equal to:

TF ∼ 400 nK×N1/3 (5.1)

We usually operate our ODT at about 1/4 of the maximum power, which corresponds to

a trap depth lower by a factor of 4, and trapping frequencies and Fermi temperature lower

by a factor of 2.

5.2.3 Preparation of interacting spin mixtures

Our degenerate Fermi samples are prepared in the magnetic trap in the state |6〉, equal to
|F = 3/2,mF = 3/2〉 at low magnetic field (see Ch. 3). At the end of the cooling cycle, all

the 23Na atoms are evaporated away, and the 6Li atoms are transferred into the optical trap

by adiabatically ramping up the ODT laser power, and then turning off the magnetic trap

coils. We have not yet perfected this process, and the transfer is not perfectly adiabatic.

After the transfer, our single-state Fermi samples are usually only moderately degenerate,

with a typical temperature of 0.5− 1TF .

After the transfer into the ODT, the cloud is transferred at (close to) zero magnetic field

into the |1〉 state, equal to |F = 1/2,mF = 1/2〉 at low fields. |6〉 → |1〉 is a single photon

transition at ∼ 228MHz. States |6〉 and |2〉 = |F = 1/2,mF = −1/2〉 are not coupled by a

single photon, since this transition requires ∆mF = −2. It is therefore easy to be sure that

an adiabatic RF sweep around 228MHz produces a pure |1〉 sample.

At high magnetic fields, different mI states within the same mJ triplet (Fig. 5-1) are

split approximately by |ahfmJmI | ∼ 76MHz. Here, ahf = νhf/(I + 1/2) is the hyperfine

constant, equal to 152MHz in 6Li. Starting with a pure |1〉 sample, we can create different

spin mixtures of states |1〉 and |2〉 (and |3〉) at high magnetic fields using single photon RF

transitions near ∼ 76MHz.
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Once an interacting spin mixture is formed in a finite depth ODT, plain evaporative

(re)cooling of the sample sets in [9] (see Fig. 5-2 below). Forced evaporative cooling could

also be implemented by gradually lowering the ODT power [19].

5.2.4 Spin selective imaging at high magnetic fields

In order to image lithium clouds at high magnetic fields, we have set up an additional

part of the laser system which generates appropriately detuned imaging laser beams (see

Appendix A.3). Alternatively, magnetic fields could be switched off right before imaging [3].

However, the ability to image the clouds at high fields has several advantages.

Switching off our magnetic fields takes ∼ 50− 100µs, due to the relatively large induc-

tance of our magnetic coils1. This cannot be considered instantaneous, and the ability to

probe the dynamics of the system at shorter timescales could be important. For example,

this time is comparable to the inverse radial trapping frequency in the ODT, and hence

to the timescale on which the field-dependent interaction energy is converted into kinetic

energy if the gas is released from the trap [28]. In a strongly interacting system, other

relevant timescales, such as the inverse mean field energy or the coherence time of a (hypo-

thetical) superfluid state, could be even shorter. Hence, a superfluid state formed at some

high magnetic field could decay after the field is turned off without allowing enough time

to image the system at low magnetic fields.

Further, at high magnetic fields, states |1〉, |2〉, and |3〉 are separated in energy by

more than the optical linewidth of 6MHz. This allows for state selective imaging of spin

mixtures - spatially overlapping clouds in different spin states can be imaged simultaneously

with separate light beams onto different parts of the same CCD camera. Examples of such

images are shown in Fig. 5-2.

Finally, high field imaging also provides a good calibration of our magnetic fields.

5.3 What to look for?

According to our classification of collisions in a gas (Ch. 4), there are fundamentally three

types of experiments one can perform in the strongly interacting regime - those that study

(1) inelastic, (2) elastic, and (3) coherent collisions. Ultimately, from a condensed matter

physics point of view, the last type of experiments is the most interesting. However, stud-

ies of inelastic and (incoherent) elastic collisions are also essential for characterizing the

interaction properties of the system, and designing the optimal experimental conditions for

future studies of novel many-body states.

1This is a consequence of the fact that the geometry of our steel vacuum chamber forces us to have
relatively large magnetic coils [8]. In contrast, in the group of Christophe Salomon, a small vacuum glass
cell allows for small magnetic coils and switch-off times shorter than 20µs [28, 57].
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Figure 5-2: Spin selective imaging of the optically trapped |1〉 − |2〉 mixture. Spatially
overlapping clouds in states |1〉 and |2〉 are simultaneously imaged onto different parts of
the same CCD camera. Here we also see the effects of mutual cooling as a function of
the magnetic field and hold time in the ODT. At 530G, a12 ∼ 0 [23, 59], and cooling is
inefficient. At 900G, cooling is seen in the shrinking size and increasing density of the
clouds.

Each of the following three chapters is dedicated to one of the three types of collisions:

(1) Inelastic collisions can be probed by studying the decay of a trapped cloud, as we

will see in Ch. 6.

(2) Rates of elastic collisions can be studied by perturbing the system in some way, and

then observing how the collisions drive it back towards the equilibrium. As we will see,

this can be simply done by observing the expansion of the gas released from the trap. It

has recently been proposed that expansion measurements can also be used to observe the

superfluid transition in a degenerate Fermi gas [81]. We have however argued that this

would be very hard under current experimental conditions [4]. These two topics are covered

in Ch. 7.

(3) Interaction energy of the system caused by the coherent collisions can also be ex-

tracted from the expansion measurements [25, 26, 28], since it is converted into kinetic energy

during the expansion. This method was particularly nicely used by the group of Christophe

Salomon [28]. They have prepared |1〉 − |2〉 6Li spin mixtures at high magnetic fields, and

then let the gas expand, either in the presence of the magnetic field, or with the magnetic

field turned off at the beginning of the expansion. In the former case, the total kinetic

energy of the expanding gas is equal to the sum of in-trap kinetic and interaction energy. In
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the latter case, the interaction energy is taken out of the system, and only the in-trap kinetic

energy is measured. The interaction energy can then be extracted from the comparison of

the two measurements. Alternatively, coherent collision shifts of the atomic energy levels

can be measured spectroscopically. We have taken the latter approach, as I will describe in

Ch. 8.
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Chapter 6

Inelastic losses near a Feshbach

resonance

Our first experiment with the interacting |1〉− |2〉 6Li spin mixtures was a study of inelastic

losses at magnetic fields up to 900G [3]. This field range encompasses the predicted Fes-

hbach resonance for the inter-species scattering length a12 (Fig. 5-1) [54]. Details of this

experiment were reported in the following publication:

K. Dieckmann, C. A. Stan, S. Gupta, Z. Hadzibabic, C. H. Schunck, and W. Ketterle,

“Decay of an Ultracold Fermionic Lithium Gas near a Feshbach Resonance,” Phys. Rev.

Lett. 89, 203201 (2002) [3].

Enhancement of the scattering length near a Feshbach resonance generally also leads

to an increased rate of inelastic losses [82–84]. One loss mechanism which we expect to

be enhanced is the three-body recombination [85]. Near the resonance, atoms spend a

large fraction of their time in the off-resonant molecular state. This increases the chances

of a collision with a third atom, and subsequent quenching into a permanently bound

molecule. Further, the rate of collisions with a third atom is proportional to the elastic

cross-section, and hence also enhanced. In a two-state Fermi system, this process should

be at least somewhat suppressed, as it necessarily involves two identical fermions being in

close proximity [86, 87]. For the two lowest states of 6Li, this is expected to be the only

resonantly enhanced loss process [39].

There are two reasons for starting off the studies of the strongly interacting regime by

looking at inelastic losses:

(1) This is a very economic way to explore a wide range of magnetic fields and experi-

mentally locate the resonances. All we have to do is to expose the spin mixture to different

magnetic fields, and observe the number of atoms that remains in the trap after some fixed

time. Historically, this method has proved very useful for the first observation of a Feshbach
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resonance in a BEC [67].

(2) Based on our experience with BECs near Feshbach resonances, we know that strong

inelastic losses could preclude the studies of the coherent properties of an interacting system

at high densities [82]. It is therefore important to verify/ensure that a strongly interacting

Fermi system has a long enough lifetime compared to for example the expected time needed

for formation of Cooper pairs [34, 45].

6.1 Note on the experimental procedure

At the time when we performed these experiments, the experimental procedure was different

from the standard/current one described in Ch. 5. Sympathetic cooling of lithium was still

done with sodium in the F = 1 state (Section 3.2), and we still had not implemented spin

selective absorption imaging at arbitrary magnetic fields.

The 6Li clouds were therefore sympathetically cooled and transferred into the ODT in

the |2〉 state, at a temperature T ∼ TF , and a typical peak density of ∼ 3 × 1013 cm−3.

|1〉 − |2〉 mixtures were then created by non-adiabatic RF sweeps at low magnetic fields.

At low magnetic fields, the two states are nearly degenerate (on the scale of the optical

linewidth), but have different magnetic moments (Fig. 3-2). The spin composition of the

samples could thus be calibrated by spatially separating the two states with a Stern-Gerlach

magnetic field gradient [9]. In this way, the rate of the non-adiabatic RF sweep could be

adjusted so that an equal mixture was produced.

Either spin mixtures, or pure states, were then exposed to magnetic field pulses of dura-

tion 50ms−2 s. After switching off the high magnetic field, the total number of remaining

atoms was recorded by absorption imaging.

Attempts to perform Stern-Gerlach analysis of the samples after the inelastic decay had

taken place were flawed by poor signal to noise ratio. We therefore could not monitor the

spin compositions during the decay.

Absorption imaging of either state on the cycling mJ = −1/2 → −3/2 transition (Ap-

pendix A.3) could be done only at select fields near 700G, using a primitive setup which

redirected the red detuned light used for Zeeman slowing (Section 2.4.4) into the imaging

system. This method was used for calibrating the magnetic fields created by our coils.

6.2 Two decay resonances of the |1〉 − |2〉 spin mixture

The results of our measurements for an equal mixture of states |1〉 and |2〉 are summarized

in Fig. 6-1 [3]. In contrast to our expectations, we observed two decay resonances, one

narrow at ∼ 550G, and one broad at ∼ 680G.

Soon after we completed these measurements, an improved theoretical calculation showed

that a second narrow resonance is indeed expected to occur close to 550G [23] (Fig. 6-2).
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Figure 6-1: Magnetic field dependence of inelastic losses in a 6Li |1〉 − |2〉 spin mixture.
(a) The fraction of atoms remaining in the system after the magnetic field was applied for
500ms. Two decay resonances are observed, at 550G and 680G. (b) The two resonances
are shown with higher density of data points, and for 2 s magnetic field pulses. Each data
point is an average of three measurements.

6.3 Relative positions of the decay and the Feshbach reso-

nances

The updated calculations however still predicted the broad Feshbach resonance at ∼ 860G,

relatively far from our inelastic loss peak. The new calculations included the measurement

of the “zero crossing” of a12 at ∼ 530G [23, 59] (Fig. 6-2). Note that the same experiment in

which the zero crossing was measured [23], also observed a loss peak on the low field side of

the predicted resonance, at ∼ 650G [23]. Later measurements by the group of Christophe

Salomon [28] also showed a similar discrepancy. In that experiment, both inelastic and

elastic interactions were studied in more detail (See Ch. 7). While the elastic cross section

appeared to peak at a magnetic field in agreement with the predicted Feshbach resonance,

the losses peaked at a lower field in agreement with our measurements. The shift of the

decay resonance with respect to the elastic Feshbach resonance thus appears to be real.
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Figure 6-2: Updated prediction of the 6Li a12 Feshbach resonances, taken from [23]. The
calculations include the measured zero crossing of a12 at 530G [23, 59]. The two resonances
correspond to two different molecular hyperfine sub-levels of the same vibrational state.

Recently, several authors have theoretically studied this somewhat surprising observa-

tion [86, 88–91]. However, we maybe should not be too worried as long as the shift does

not exceed the width of the resonance. This is particularly true if only the recombination

into the closest molecular level, i.e. the one responsible for the resonance, is resonantly

enhanced. For example, in that case the decay should occur only on the positive side of

the resonance (a > 0), since only then the molecular state lies below the incident collision

energy, and the process is exothermic. The exact amount of released energy, compared

to the Fermi energy, or the trap depth, can also be relevant. For example, the products

of recombination may stay trapped or not, the other atoms may have enough energy to

break apart a weakly bound molecule, and so forth. The released energy is zero exactly on

resonance, and grows as the magnetic field is tuned to lower values. Therefore, as we move

away from the resonance, the probability of the inelastic process decreases, but the amount

of released energy increases. Without understanding the details, it then seems plausible

that different tuning of these two relevant parameters may conspire to produce a shift of

the measured loss peak of the order of the resonance width.

Finally, note that the ∼ 800G 6Li resonance is by far the broadest one ever studied. It

is therefore quite plausible that the observed effects are not particular to this resonance,

but its large width allowed us to resolve them for the first time.

6.4 The main good news

Remaining mysteries aside, the most important conclusion of these measurements was that

the observed losses did not seem prohibitive for further studies of the strongly interacting
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6Li spin mixtures. Even at the resonance peak, losses took place on a timescale larger

than 100ms. This time is longer than any other expected relevant timescale in the system,

such as the inverse trapping frequency, inverse Fermi energy, elastic collision rate, expected

inverse superfluid gap energy [37, 40], or the expected time needed for the formation of the

Cooper pairs [34, 45].
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Chapter 7

Elastic collisions and the expansion

measurements

Enhancement of the elastic collisions near a Feshbach resonance can conveniently be char-

acterized by releasing the gas from an anisotropic trapping potential, and monitoring the

expansion of the cloud [92, 93]. In the collisionally dense, classical hydrodynamic regime,

the spatial anisotropy of the trapped gas is reversed during the expansion [25, 27, 28, 94].

Such expansion measurements will be discussed in Section 7.1.

The first observation of an anisotropic expansion of a degenerate Fermi gas near a Fes-

hbach resonance [25], has attracted a lot of attention because of a recent proposal that this

may also be a signature of the superfluid transition [81] (Section 7.2). The ability to exper-

imentally differentiate the two physical effects strongly depends on the possibility that, at

low temperatures, the classical hydrodynamic behavior is suppressed by Pauli blocking of

elastic collisions. In Section 7.3, I discuss the role of Pauli blocking in a degenerate Fermi

gas in general, and during the expansion in particular.

Parts of this chapter are based on our theoretical paper:

S. Gupta, Z. Hadzibabic, J. R. Anglin, and W. Ketterle, “Collisions in zero temperature

Fermi gases,” cond-mat/0307088 (2003). [4]

in which we have argued that making the distinction between the two types of hydrody-

namic behavior may be very difficult under current experimental conditions. Mathematical

details of the calculations reported in [4] will be given in the PhD thesis of Subhadeep

Gupta [9].
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7.1 Hydrodynamic expansion of a classical gas

Trapped atomic gases are usually “collisionless”, in the sense that the mean free path for

classical elastic collisions is much larger than the size of the cloud. For a classical gas, or a

moderately degenerate Fermi gas, with peak density n0, we can write this condition as:

l0 =
1√
2n0σ

À Rr,z =

√

kBT

mω2r,z
(7.1)

where l0 is the mean free path, and Rr,z is the cloud size in the radial/axial direction.

Alternatively, condition 7.1 is equivalent to the rate of collisions being much lower than the

trapping frequencies, n0σ
√

kBT/m¿ ωr,z.

The hydrodynamic parameter, which I define as the ratio:

ϕr,z =
Rr,z

l0
(7.2)

roughly corresponds to the number of collisions per particle during one trapping period. In

the collisionless regime, ϕ¿ 1.

If the cloud density or the elastic cross section are increased, the gas may cross over

into the hydrodynamic regime, ϕ À 1. This regime has only recently been experimentally

realized, both for Bose [94–96], and for Fermi gases [24, 25, 28, 97, 98].

For a gas trapped in an anisotropic potential, cross-over into the hydrodynamic regime,

and hence the rate of elastic collisions, can be studied by simply releasing the gas from the

trap, and observing the spatial distribution during the expansion [92, 93]. For the usual

case of cylindrically symmetric traps, the shape of an expanding cloud is characterized by

the (radial to axial) aspect ratio:

λ(t) =
Rr(t)

Rz(t)
(7.3)

where for a trapped gas, we have:

λ0 ≡ λ(0) =
ωz
ωr

=
ϕr
ϕz

(7.4)

and for our cigar shaped optical trap (Section 5.2.2), λ0 ≈ 0.015.

In the collisionless regime, the gas will expand ballistically. For long expansion times,

ωr,ztÀ 1, we have:

Rr,z(t) = Rr,z(0)
√

1 + ω2r,zt
2 =

√

kBT

m
t

√

1 +
1

ω2r,zt
2
→
√

kBT

m
t (7.5)

The spatial distribution will thus become isotropic, λ∞ ≡ λ(t → ∞) = 1. This simply
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reflects the isotropic momentum distribution in the trap.

In the hydrodynamic regime, elastic scattering during the expansion will redistribute

the particle momenta from the direction of greater collisional density (in our case axial) to

the directions of smaller collisional density (in our case radial). In this case, the spatial

distribution after long expansion times will be anisotropic, with the cloud aspect ratio

inverted [92, 93]. In the fully hydrodynamic regime (ϕ → ∞), and for λ0 → 0, we expect

λ∞ ∼ 0.38/λ0 [81]. For our optical trap, this corresponds to λ∞ ∼ 25. In principle,

we expect λ∞ > 1 even for infinitesimal values of ϕ. However, the effect is likely to be

experimentally observable only for ϕz ≥ 1.

(a) (b) (c)

Figure 7-1: Ballistic and hydrodynamic expansion of a classical gas. The ellipse indicates
the cigar shape of the trapped cloud with λ0 < 1. We concentrate on 16 atoms which
start the expansion from the center of the cloud, with velocities indicated by the arrows.
(a) Isotropic momentum distribution of a trapped gas. (b) Momentum distribution of
a ballistically expanding cloud. We always have 4 atoms moving in each direction. (c)
Momentum distribution of an expanding cloud which is collisionless in the radial (horizontal)
direction, but hydrodynamic in the axial (vertical) direction. After one collision time, we
have 12 atoms travelling radially, and only 4 travelling axially.

The two types of expansion are simplistically illustrated in Fig. 7-1 for our trap geom-

etry. In Fig. 7-1(a), the gas is still trapped, and the momentum distribution is isotropic,

locally and globally. In Fig. 7-1(b), the gas expands ballistically. Globally, the momentum

distribution remains isotropic. However, note that locally, the momentum distribution be-

comes anisotropic - on the top of the image, we have atoms moving upwards, and so forth.

In Fig. 7-1(c), the gas expands (partially) hydrodynamically. For simplicity, suppose that

ϕz À 1À ϕr. In this case, radially moving atoms leave the cloud without undergoing any

collisions. On the other hand, the atoms initially moving in the axial direction do undergo

collisions. Consequently, their momentum distribution becomes locally isotropic. This leads

to an anisotropic global momentum distribution, with more atoms moving radially than

axially. Qualitatively, the same arguments will hold as long as ϕz/ϕr = 1/λ0 > 1.
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The anisotropic expansion of our strongly interacting 6Li spin mixture is shown in

Fig. 7-2 (unpublished). Our data lie in the intermediate, “cross-over” regime, between a

fully hydrodynamic (ϕ→∞) and a collisionless (ϕ→ 0) expansion. In the limits of ϕ→ 0

or ∞, the expansion of the gas (obviously) does not explicitly depend on the elastic cross

section σ. However, in the intermediate regime, the aspect ratio of the cloud after a fixed

expansion time could be used to extract ϕ, and hence σ [93]. This method is unlikely to yield

a “precision” measurement of σ, due to the systematic uncertainties in determining the gas

density. However, variation of ϕ with the applied magnetic field can be used to characterize

a Feshbach resonance. This method was used for 6Li in [28], and for 40K in [27].
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Figure 7-2: Anisotropic expansion of a strongly interacting 6Li spin mixture. An equal
|1〉−|2〉 mixture, with ∼ 1.5×106 atoms in each state, was released from the optical trap at
a temperature T ∼ 0.5TF , and in the presence of an external magnetic field of 900G. (a-c)
The two states are simultaneously imaged for expansion times t = 0, 900µs, and 1500µs.
(d) Evolution of the cloud aspect ratio λ(t), with λ0 = 0.015, and 1ms corresponding to 13
radial trapping periods. The upper curve corresponds to a fully hydrodynamic expansion,
with λ∞ ≈ 25 [81]. The lower curve corresponds to a ballistic expansion, with λ∞ = 1. Our
data lie in between these two limits.
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7.2 Superfluid vs. classical hydrodynamics in a degenerate

Fermi gas

The hydrodynamic evolution of a classical gas plotted in Fig 7-2 is predicted from the scaling

solutions to the hydrodynamic equations of motion [81, 92, 93]:

∂

∂t
n = −∇ · (n~v)

m
∂

∂t
~v = −∇

(

µ+ V +
1

2
mv2

)

(7.6)

where µ and V are the chemical and the external potential. The crucial assumption in

writing down these equations is that the gas is always in local equilibrium, and can be

described in terms of the local macroscopic variables - density n, and the velocity field ~v.

Let me make two comments about the applicability of the hydrodynamic equations of

motion:

(1) We generally expect this approach to provide a good description of the long-wavelength

and low-frequency behavior of the system. At short distances and high frequencies, we need

to describe the system in terms of the distribution functions for the (6N) microscopic de-

grees of freedom. In a classical gas, the separation between “long” and “short” distances

is set by the mean free path. Likewise, “high” and “low” frequencies are separated by

the collision rate. In our discussion of the expansion measurements, we have qualified the

gas as hydrodynamic if the lengthscale (cloud size) and the timescale (trapping frequency)

relevant for our specific problem could be considered long1.

(2) The applicability of the hydrodynamic equations of motion hinges only on our ability

to describe the system in terms of the local macroscopic variables, and not on the exact

mechanism which ensures the local equilibrium. In a classical gas, the establishment of

the local thermodynamic equilibrium depends on the collisions between atoms. On the

other hand, an atomic BEC is classically collisionless. Yet, in this case, the presence of the

macroscopic (superfluid) order validates a hydrodynamic description [65, 99]. The system is

fully described by the macroscopic wave function ψ = |ψ|eiϕ, which has only two degrees of

freedom, the amplitude and the phase. These two variables define the local density n = |ψ|2,
and the velocity field ~v = (~/m)∇ϕ. In this system, the role of the mean free path l0 is

taken over by the healing length

ξ =

√

~2
2mµ

(7.7)

where µ = (4π~2/m)na is the mean field chemical potential. In both systems, these length-

1Of course, in our system, these are the largest length and timescale available. Therefore, our definition
of the hydrodynamic condition is the least stringent possible.

79



scales (l0, ξ) determine the distance over which the gas can respond to an external pertur-

bation, and restore the equilibrium. Likewise, the role of the collision rate is taken over by

the frequency associated with the mean field, µ/~. Again, these are the timescales on which

the two systems can respond to an external perturbation, such as a change in boundary

conditions. Therefore, a BEC will expand hydrodynamically as long as the healing length

is smaller than the size of the cloud. As in the classical case (Eq. 7.1), it is trivial to verify

that this criterion is identical to µ/~ being larger than the trapping frequencies.

If the requirements for the local equilibrium of the system are (somehow) fulfilled, the

resulting hydrodynamic equations take a rather universal form. The only differences be-

tween different systems arise from different equations of state, which determine the local

pressure. For example, in a degenerate Fermi gas released from the trap, the chemical po-

tential giving the local pressure is given by the (kinetic) Fermi energy, and scales as n2/3.

On the other hand, in an expanding weakly interacting BEC, the local chemical potential

is given by the mean field energy, and scales as n. The exact solutions thus might depend

on the system, but some general features are ubiquitous. For example, as long as we can

identify a force field which is proportional to the density gradient, this will inevitably lead

to the reversal of spatial anisotropy of the gas during the expansion.

Figure 7-3: Superfluid hydrodynamic expansion of a weakly interacting 23Na BEC. The
cigar shaped (magnetic) trap is oriented as in Figs. 7-1 and 7-2. As in the case of classical
hydrodynamics, the aspect ratio of the cloud is inverted during the expansion.

The familiar anisotropic expansion of a weakly interacting BEC (Fig. 7-3) is used as

a “smoking gun” for condensation. Since a fermionic superfluid is also predicted to obey

hydrodynamic equations [35, 81, 100, 101], it has recently been proposed [81] that the same

effect can be used as a qualitative and unambiguous signature of the superfluid transition in

a degenerate Fermi gas. The potential simplicity of this detection method is very exciting.

One could for example observe a sudden onset of the anisotropic expansion as a function of

the temperature or the spin composition of the cloud.

However, for such a signature to be unambiguous, we would have to be able to distinguish

it from classical hydrodynamics. This is difficult for two reasons:
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(1) In this case, the two types of the hydrodynamic expansion are predicted to be

identical [81].

(2) All current efforts to achieve superfluidity are concentrating on the strongly inter-

acting regime in the vicinity of a Feshbach resonance.

This issue has become very important now that hydrodynamic expansion of Fermi gases

has been observed. Further, hydrodynamic expansion of 6Li was observed in an equal

|1〉 − |2〉 mixture at T ∼ 0.1TF , and a magnetic field of 910G [25]. At least some theories

would suggest that these conditions satisfy all the criteria for a superfluid transition (see

Section 4.3). However, in the same experiment, hydrodynamic behavior was observed over

a wide range of temperatures, up to ∼ 3.5TF , without any observable changes. We, and

other groups [27, 28], have since observed the same behavior at various temperatures and

for different spin compositions.

Classical and superfluid hydrodynamics could be distinguished at very low temperatures,

when the Pauli blocking suppresses the elastic collisions [25, 102]. However, this argument

does not apply to expansion measurements, as we will see in the next section.

7.3 Pauli blocking of collisions during the expansion of a de-

generate Fermi gas

Pauli blocking prevents scattering of atoms into already occupied states, and limits the

total rates of (incoherent) elastic scattering at low temperatures. Coherent collisions on

the other hand are not affected by Pauli blocking, since they do not involve any change in

occupation numbers of different momentum states.

In a trapped gas, Pauli blocking may have significant consequences for the rates of evap-

orative cooling [103–105], thermalization of an impurity in the gas2 [106, 107], or damping

of collective excitations [98, 108].

In equilibrium at zero temperature, no elastic collisions occur even in an interacting

(a12 6= 0) spin mixture. At a small but finite T , the total rate of collisions is determined by

the small number of energetically accessible unoccupied states.

However, if the Fermi surface is deformed from its equilibrium shape, collisions will occur

even at T = 0. This will have important implications on our interpretation of expansion

measurements in a degenerate Fermi gas. Before addressing that specific example, I discuss

this issue in a more general context.

7.3.1 Effects of the Fermi surface deformation on Pauli blocking

Two examples of the deformation (or excitation) of a T = 0 Fermi surface are illustrated in

Fig. 7-4. Such excitations necessarily lead to opening up of energetically accessible states,

2In a two-state mixture, an “impurity” can simply be an atom in the other spin state.
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and to the elastic collisions which aim to restore the equilibrium. As in the case of a finite

temperature, the total rate of collisions will depend on the number of the available final

states, and hence on the extent of the deformation. For example, in the small amplitude

limit, we may find that the collective excitations of the system are not damped at all, because

the gas remains essentially collisionless at all times [108]. However, for larger deformations,

the gas will behave increasingly more classically [4].

(b)

kF

Available 
unoccupied 

states

kF

(a) (b)

kF

E

kF

Figure 7-4: Opening up of final states for elastic scattering at zero temperature. (a) The
momentum space Fermi sphere (shaded area) is displaced from its equilibrium position
(dashed circle). All the states within the large thin-line circle are energetically accessible.
The unshaded area within this circle represents states which are also unoccupied and hence
available as final states for elastic collisions. This excitation is analogous to applying an
external electric field E on an electron gas in a metal. (b) The same analysis applies for an
arbitrary deformation of the Fermi surface.

As a simple example, let us consider the case of a linear displacement of the Fermi

surface (Fig. 7-4(a)). This situation may remind us of applying an external electric field

E on a (normal) metal at zero temperature. If the relaxation time due to elastic collisions

is τ , the drift velocity of the electrons will be limited to Eeτ/m, despite the constantly

applied acceleration. If the applied electric field changes sign on a timescale 1/ω ¿ τ ,

collisions will not play any role. The electrons will then exhibit undamped oscillations, but

only because they never attempt to exceed the maximum drift velocity. In this case the

typical drift velocity is Ee/(mω) ¿ Eeτ/m. Now, if the collision rate is actually Pauli

limited, τ will decrease with increasing E. Therefore, the same frequency oscillation may

be damped or not, depending on its amplitude. In this simple example, we considered a

driven off-resonant oscillation. However, the same thinking will apply to damping of the

normal modes of the system.

Atomic systems are quite different from the electron gas in a metal, and most other

conventional condensed matter systems, in that drastic deformations of the Fermi surface
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are easily accessible and quite common. For example, it is easy to displace a trapped gas

from its equilibrium position to a distance comparable to the size of the cloud, i.e. its real

space Fermi diameter. If the gas is then released to exhibit a dipole oscillation in the trap,

the common drift velocity of the atoms will be comparable to the Fermi velocity.

Some of these thoughts have been experimentally confirmed by DeMarco and Jin [98],

in an experiment quite analogous to our electron gas discussion. There, two trapped clouds

in different spin states of 40K were set into relative oscillation inside the magnetic trap. In

the degenerate regime (T ∼ 0.4TF ), Pauli suppression of collisions was observed. However,

if the amplitude of the oscillation was increased to ∼ 10% of the cloud size, the collisional

behavior became essentially classical.

7.3.2 Deformation of the Fermi surface during the expansion

Free expansion of the gas released from an anisotropic trap is an extreme example of the

deformation of the Fermi surface. First, let us consider a collisionless expansion of a T = 0

gas. For example, let us assume that we have an equal mixture of two spin states, but for

now we set a12 = 0.

At t = 0, the system is in equilibrium, and the local momentum space Fermi surface is

isotropic at all spatial positions:

∑

i

p2i
2m

= EF −
∑

i

1

2
mω2i x

2
i (7.8)

To find the local momentum distributions during the ballistic expansion, we replace xi →
xi − (pi/m)t, and obtain:
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2
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2

1 + ω2i t
2

)2
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1

2

mω2i x
2
i

1 + ω2i t
2

(7.9)

At all positions, the momentum space Fermi surface evolves into ellipsoids, as illustrated

in Fig. 7-5. At long times, the center of the momentum ellipsoid at a particular position is

given by ~p = m~x/t. This is just the momentum which a particle starting from the center of

the trap would need in order to arrive at ~x in time t. The spread of the momenta at (~x, t)

then reflects the spread of the initial positions of the atoms in the trapped cloud. Therefore,

for ωr,zt À 1, the local momentum space Fermi surface at all positions assumes the shape

of the original trapped cloud. The volume of the momentum space ellipsoid gives the local

real space density, and the overall shrinking of the momentum distributions describes the

decay of the gas density during the expansion.

Deformations of the Fermi surface shown in Fig. 7-5 clearly open up final states for

elastic scattering, as shown in Fig. 7-6.

In [4], we have proposed a way to quantify the effectiveness of Pauli blocking during
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(a)

01310

(b)

013102    2mEF

Figure 7-5: Local momentum-space Fermi surface of a ballistically expanding gas. As usual,
we consider a cigar shaped trap, here with λ0 = 0.2. Fermi surfaces are plotted for expansion
times ωrt = 0, 1, 3, and 10. Results of Eq. 7.9 are plotted for two different spatial locations
- (a) the trap origin, and (b) a position radially displaced by

√

EF /(mω2r ). In (b), the
changing origin of the momentum space ellipsoid is subtracted.

p1

q1

p4

q4

p3

q3

p2

q2

Figure 7-6: Allowed and forbidden elastic collisions during the expansion. The ellipse
indicates the identical Fermi surfaces for the two spin states, labelled by momenta ~p and
~q. Process (~p1, ~q1) → (~p2, ~q2) is allowed due to the Fermi surface deformation. (~p1, ~q1) →
(~p3, ~q3) is classically allowed, but suppressed by Pauli blocking. (~p1, ~q1)→ (~p4, ~q4) does not
change the momentum distribution, because the reverse process has the same rate.
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Figure 7-7: Fraction of Pauli allowed elastic collisions during the expansion. (a) Rates of
classically (thin line) and Pauli (thick line) allowed elastic collisions. Only the collisions
which change the momentum distribution are included. The plotted rates are calculated for
~x = ~p1 = 0, and provide an upper bound for the effectiveness of Pauli blocking [4]. For this
particular plot, the trap aspect ratio is λ0 = 0.03. (b) The two collision rates are integrated
over time, and the ratio is plotted as a function of λ0.

the expansion. We allowed the Fermi surface to propagate ballistically, as in Fig. 7-5, and

at each time t, we compared the number of allowed collisions in a T = 0 Fermi gas, and

the total number of energetically allowed collisions. In the notation of Fig. 7-6, the former

includes only the processes similar to (~p1, ~q1) → (~p2, ~q2), while the latter also includes the

processes of the (~p1, ~q1)→ (~p3, ~q3) kind, which are allowed only if we completely ignore the

Pauli blocking. Our results are plotted in Fig. 7-7. We found that for small values of λ0, the

fraction of energetically allowed collisions which are not suppressed by the Pauli blocking

exceeds 1/2.

Our results show that, in the perturbative limit of small σ, only a fraction of collisions

is suppressed by Pauli blocking. This implies that for a larger σ, collisions will occur at a

high rate, and transform the ballistic expansion into a more hydrodynamic expansion.

In the strongly interacting limit, the shape of the Fermi surface will not evolve ballis-

tically, because collisions will occur and make it locally more isotropic. It may seem that

this would increase the level of Pauli suppression, and invalidate our results at least quan-

titatively. This is true, but in this case, “the deed is already done”, and the gas expands

anisotropically.

The point of our calculations is therefore that the idea that the gas expands ballistically

because of the Pauli blocking is not consistent, and can be reduced to a contradiction.

Therefore, if the gas is strongly interacting, it is hard to rule out classical hydrodynamics

as an interpretation of anisotropic expansion, even at T = 0. Certainly we cannot hope for
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this approach to give us a simple qualitative tool for observing a superfluid transition.

7.4 Conclusions and one final thought

Expansion measurements provide a simple tool to observe the enhanced rate of elastic

collisions near a Feshbach resonance, and the resulting classical hydrodynamic behavior.

However, the exciting proposal that the hydrodynamic expansion can be used as a

“smoking gun” signature of fermionic superfluidity does not seem easily applicable to current

experimental efforts.

On the other hand, if the hydrodynamic expansion was observed in a weakly interacting

gas, this would probably be accepted as an unambiguous signature of superfluidity. In

the limit of weak enough interactions, expansion will be classically collisionless even if we

completely ignore Pauli blocking. However, this would pose unrealistic requirements on the

cooling of the system. Using Eqs. 7.1 and 7.2, and applying them to a degenerate Fermi

gas, we find that ϕz ¿ 1 requires:

kFa¿
√

3π

4
√
2 61/3

λ
1/3
0

N1/6
≈ λ

1/3
0

N1/6
(7.10)

where N is the number of atoms in each state. For a pancake shaped trap (λ0 > 1), ϕr ¿ 1

is the more stringent requirement, and similarly reads:

kFa¿
1

λ
1/6
0 N1/6

(7.11)

In our experiments, N−1/6 ∼ 0.07 − 0.1. Even if the number of atoms was drastically

reduced, for all current and reasonable future experiments, N−1/6 < 0.2. The trap aspect

ratio constrains kFa further, in our case λ
1/3
0 ≈ 0.25. This factor could be brought somewhat

closer to unity, however relatively significant trap anisotropy is needed in order for λ∞ to

be observably different from 1.

Therefore, even most (unreasonably) optimistically, we would need kFa ¿ 0.2. In

this limit, we can estimate the resulting superfluid critical temperature from the standard

Cooper result:

Tc ¿ 4× 10−4 TF (7.12)

This is very far from our current experimental ability.
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Chapter 8

RF Spectroscopy of coherent

collision energy shifts

This chapter focuses on our spectroscopic studies of the interaction energy arising from

coherent s−wave collisions in spin mixtures of 6Li. At the end of the thesis, I attach two

manuscripts which provide further details of our work:

S. Gupta, Z. Hadzibabic, M. W. Zwierlein, C. A. Stan, K. Dieckmann, C. H. Schunck,

E. G. M. van Kempen, B. J. Verhaar, and W. Ketterle, “Radio-frequency Spectroscopy of

Ultracold Fermions,” Science 300, 1723 (2003) [5]. Included in Appendix D.

M. W. Zwierlein, Z. Hadzibabic, S. Gupta, and W. Ketterle, “Spectroscopic insensi-

tivity to cold collisions in a two-state mixture of fermions,” cond-mat/0306627 (2003) [6].

Included in Appendix E.

The interaction energy in a two-state mixture of fermions can shift the relative energy of

the two internal atomic levels away from its single-particle, vacuum value. This is illustrated

in Fig. 8-1.

The resulting shifts of the spectroscopic lines, suggested by Fig. 8-1, are known as “clock

shifts” [109], because they limit the accuracy of the current atomic clocks based on bosonic

atoms1 [110, 111]. We would like to use the spectroscopic measurements to characterize the

interaction energy in the strongly interacting 6Li spin mixtures. In this case, spectroscopy

is performed in the radio-frequency (RF) domain, near the |1〉 − |2〉 energy splitting of

∼ 76MHz.

However, as we will see in Section 8.1, in a two-state mixture of fermions, the clock

shift is absent [5, 112], even if the equilibrium energy levels of the two states are shifted

by different amounts [6]. While this is actually a problem for our (main) purposes, this

1In the case of bosons, both intra- and inter-state collisions occur. However, the basic idea illustrated in
Fig. 8-1 is still valid.
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Figure 8-1: Equilibrium shifts of the energy levels in an interacting two-state mixture of
fermions. Full lines and arrow indicate the vacuum energy levels and their separation.
Dashed lines and arrows indicate the shifted energy levels and their separations. The mean
field energy of atoms in one state is proportional to the density of atoms in the other one.
Different populations in the two states are represented by differently sized circles. The
figures are drawn for an attractive interaction, a12 < 0. In (a), n2 > n1, and hence the level
separation is increased. In (b), the situation is reversed. In (c), n1 = n2, and the difference
between the energy levels is equal to the vacuum value.

robust elimination of density dependent frequency shifts is potentially relevant for future

improvements of atomic clocks.

In Section 8.2, we will see how the interaction energy shifts can be observed if the spec-

troscopic methods are extended to three atomic levels. Using this approach, we have studied
6Li spin mixtures in both the weakly and the strongly interacting regime. In the weakly in-

teracting regime, our method reproduces the expected interaction energies calculated within

the mean field approximation. Our observations in the strongly interacting regime are at

present not completely understood, and will be briefly discussed in Section 8.2.1.

8.1 Spectroscopic insensitivity to coherent collisions in a two-

level system

In the limit of low density and weak interactions, the energy shifts of different atomic states

are well described in the mean field approximation. In a two-state (|1〉 − |2〉) statistical

mixture of fermions, the total interaction energy density is given by:

Eint = V12n1n2, V12 =
4π~2

m
a12 (8.1)

The two equilibrium energy levels are then shifted by the interactions according to δµ1 (2) =

V12n2 (1), and the frequency (energy) separation of the two levels differs from the vacuum

value by:

h∆ν = ∆Eint = δµ2 − δµ1 = V12(n1 − n2). (8.2)
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Our measurements of the |1〉 − |2〉 transition frequency in the limits n1 = 0 and n2 = 0

are shown in Fig. 8-2 [5]. The experiments were performed at a gas density of ∼ 3 ×
1013 cm−3, and a magnetic field of 570G, where (theoretical) a12 ∼ 150 a0. Equation 8.2

then predicts ∆ν = ±5 kHz for the two spectra, but the observed lines are separated only

by 0.04±0.35 kHz. Therefore, within our experimental precision, no clock shift is observed.

As I outline below, this effect can be understood relatively easily, but this was the first time

it was experimentally confirmed.
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Figure 8-2: Absence of the clock shift in a pure fermionic state. RF transitions were driven
between states |1〉 and |2〉 on a system prepared purely in state |1〉 (filled circles), and
purely in state |2〉 (open circles). Mean-field interactions would result in 5 kHz shifts for
the two curves in opposite directions. Gaussian fits to the data (solid lines) are separated
by (0.04 ± 0.35)Hz. This gives a (conservative) clock shift suppression factor of 30. The
widths of the spectra are dominated by the frequency broadening of the 140µs RF pulses.

In these experiments, RF pulses were applied to pure single-state samples. Since the

RF field causes a coherent evolution of the system, it simply acts as a rotation in the two-

dimensional Hilbert space, and does not change the purity of the state. In other words,

during the RF transfer, the superposition of the two spin states has the same relative phase

for all the atoms. The atoms thus stay indistinguishable, and cannot interact in the s−wave
regime. We then conclude that in the experiments shown in Fig. 8-2, there was no mean

field energy in the system, so it is not surprising that no clock shift was observed.

The interaction energy in the system is established only when the coherence of the two-

state superposition is lost, and a purely statistical mixture of the two states is formed. This

is an implicit assumption of Eqs. 8.1 and 8.22.

2We believe that the dominant source of decoherence in our system is the residual spatial inhomogeneity
of the applied magnetic field. The (vacuum) energy difference between the two states depends on the
magnetic field, albeit weakly (see Fig. 5-1). Therefore, the relative phase of the superposition state evolves
differently in different parts of the cloud, and atoms with different “trap oscillations histories” accumulate a
different phase. Once the uncertainty in the accumulated phase becomes of order π, the system acquires the
properties of a statistical mixture. Typical decoherence times in our experiments are on the ∼ 10− 100ms
scale. See [9] for a further discussion of this topic.
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However, in Fig. 8-3, we see that the resonance shifts are absent in a two-state system

of fermions even after the system has fully decohered, and the mean field energy has fully

developed [6]. As we have explained in [6], this is again a direct consequence of the coherent

nature of the RF excitation, and is indeed not dependent on the coherence of the sample

on which the spectroscopy is performed. Our argument is outlined in the following section.
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Figure 8-3: Absence of the resonance shifts in a decohered two-state mixture of fermions.
The resonance curves were measured for fully decohered 80%/20% mixtures of states |1〉
and |2〉. The experimental parameters were n1+n2 ∼ 5×1013 cm−3 and B = 320G. At this
field, a ∼ −300 a0, and Eq. 8.2 predicts the splitting of the two lines of ∼ 20 kHz. However,
the measured splitting is only (34± 146)Hz.

8.1.1 Bloch sphere representation of the RF transitions

In Fig. 8-4, the two experiments of Figs. 8-2 and 8-3 are (qualitatively) represented on a

spin-1/2 Bloch sphere. The average properties of the many-body state are described by

the three coordinates of the Bloch vector ~m = mz êz + ~m⊥. The population difference in

the two states, or the “magnetization” of the sample, is given by mz = (n2 − n1)/2, while
the coherence in the system is measured by ~m⊥. Fully decohered statistical mixtures are

represented by vectors with polar angle θ = 0, or equivalently ~m⊥ = 03.

The length of the Bloch vector measures the purity of the state, and hence the entropy

of the system. The key point is that the RF field just rotates the Bloch vector, and preserves

its length |~m|. In other words, a unitary transformation cannot change the entropy.

In Fig. 8-4(a), state B is created by applying an RF pulse on a pure sample A. This

corresponds to the experiment of Fig. 8-2. As I already explained, in this case there is no

interaction energy in the system during the RF pulse, and no frequency shift is expected [5].

3State A in Fig. 8-4(a) is a trivial special case of a pure state.
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Figure 8-4: Bloch sphere representation of the RF transitions. (a) corresponds to the
experiment in Fig. 8-2. An RF pulse rotates a pure state A into another pure state B.
Subsequently, the superposition state decoheres into a “ring” distribution, represented by
its average, C. (b) corresponds to the experiment in Fig. 8-3. Here, a second RF pulse
transforms the fully decohered state C into a partially coherent state D. The final state E
is reached only after further decoherence. (c) Transfers A→B and C→D are coherent and
reversible. B→C and D→E are irreversible.

State C is formed through subsequent decoherence of state B. In B and C, the magnetization

mz is the same, but in C the mean-field has fully developed.

The experiment of Fig. 8-3 is performed on a C-like state. In this case, the equilibrium

energy levels are shifted according to Eq. 8.2. However, we now understand that the RF

field cannot connect two fully decohered states with different magnetizations, such as C and

E. Instead, in order to change mz, while preserving |~m|, we must tilt the Bloch vector away

from the vertical axis, and reintroduce some level of coherence into the system. Therefore,

in Fig. 8-4(b), it is the energy of the transformation C→D, that needs to be calculated in

order to find the correct resonant RF frequency. So let us do that.

The inter-state s-wave interaction is described by the second-quantized hamiltonian

density:

Hint = V12ψ
†
1(r)ψ

†
2(r)ψ2(r)ψ1(r). (8.3)

The mean field expectation value of this hamiltonian is:

Eint = 〈Hint〉 = V12(n1n2 − n12n21) (8.4)

where n1 = 〈ψ†
1ψ1〉, n2 = 〈ψ

†
2ψ2〉, and we have introduced “coherences” n12 = 〈ψ†

1ψ2〉 and
n21 = 〈ψ†

2ψ1〉. In a fully coherent sample n12n21 = n1n2, while in a fully decohered sample

n12 = n21 = 0.
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In terms of the coordinates of the Bloch vector, we can rewrite:

n1n2 =

(

n1 + n2
2

)2

−m2z

n12n21 = m2⊥ (8.5)

The interaction energy is then given by:

Eint = V12

(

n2

4
− |~m|2

)

(8.6)

where n = n1+n2 is the constant total particle density. We see that the interaction energy

depends only on |~m|. In a partially or fully decohered sample, |~m| < n/2, and the system is

interacting. However, even then, the RF pulse does not change the total interaction energy.

Hence, the RF photons do not need to supply any extra energy, and the resonance frequency

is universally equal to the vacuum value.

8.1.2 Comparison with bosons

In [6], we have extended the above analysis to the RF spectroscopy of thermal bosons. This

calculation is included in Appendix E, and (even) further details will be given in the PhD

thesis of Martin Zwierlein.

In the case of thermal bosons, RF spectroscopy also measures frequency shifts different

from the equilibrium shifts of the energy levels. By now, this should not surprise us.

In a coherent superposition of two states, both the forward and the exchange inter-

state scattering is allowed. The contribution to the mean field energy is then twice larger

than in a decohered sample, where the particles are distinguishable, and the only coherent

(inter-state) collision process is the forward scattering.

However, analogous to the Fermi case, RF methods always measure the coherent result,

independent of the level of coherence in the sample. In this case, this corresponds to

a “coherent factor of 2”. This effect has recently been observed by the group of Eric

Cornell [113], and was initially qualified as a “mystery” [114].

Using the Bloch sphere representation, we have provided an intuitive resolution of this

puzzle. One should however note that the mystery was formally resolved by more sophisti-

cated calculations which have preceded our work [115–119].

8.2 Spectroscopy of cold collisions in a three-level system

In order to spectroscopically observe the effects of coherent collisions in 6Li spin mixtures,

we have implemented a three-level method illustrated in Fig. 8-5. Here, a superposition

of states |1〉 and |2〉 is created by an RF drive, and allowed to decohere into a statistical

mixture [5, 9]. We then perform RF spectroscopy of the |2〉 → |3〉 transition. This technique
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was independently introduced by the group of Debbie Jin for studies of interactions in
40K [27].
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Figure 8-5: RF spectroscopy in a three-level system. (a) Hyperfine structure of the ground
state of 6Li. (b and c) Experimental scheme: (b) A statistical mixture of atoms in states |1〉
and |2〉 is prepared at 500G. (c) RF spectroscopy of the |2〉 → |3〉 transition is performed
at various magnetic fields.

The discussion of Section 8.1 is still completely applicable to the |2〉 − |3〉 two-level sys-
tem, and the interactions between atoms in these two states do not affect the spectroscopic

measurements.

However, any superposition, or a statistical mixture, of states |2〉 and |3〉 is (equally and

completely) orthogonal to state |1〉. Hence, during the RF transfer, the interaction energy

of the |2〉−|3〉 atoms, due to forward scattering with |1〉 atoms, depends only on the relative

populations of the two states. In the mean field approximation, this contribution to the

interaction energy density is given by:

4π~2

m
n1(a12n2 + a13n3) (8.7)

In contrast to Eq. 8.1, here we do not have to assume anything about the coherence of the

|2〉 − |3〉 system.

In the language of the |2〉−|3〉 Bloch sphere, this interaction energy now depends on mz

rather than |~m|. Sincemz does change during the RF transfer, the effects of the interactions

are observable spectroscopically. We expect the |2〉 → |3〉 resonance to be shifted according

to:

∆ν =
2~
m
n1(a13 − a12) (8.8)

93



Figure 8-6: Spectroscopic measurement of the interaction energy at 480G. (a) Fraction of
atoms transferred from |2〉 to |3〉 in the center of the cloud, with |1〉 atoms absent (filled
circles), and present (open circles). Solid lines are gaussian fits to the data. (b) Absorption
images of state |3〉 for the interaction perturbed resonance. Images of states |2〉 and |1〉 are
shown only for zero RF detuning. States |3〉 and |2〉 were imaged simultaneously to observe
their complementary spatial structure. State |1〉 was imaged after 760µs expansion time to
record its population.

An example of a spectroscopic measurement using the three-level method is shown in

Fig. 8-6. Two spectra were taken at B = 480G, one with n1 = 0, and one with n1 ∼ 2.4×
1013 cm−3. The n1 = 0 measurement was used to calibrate the vacuum resonance frequency

ν0. In the interacting system (n1 6= 0), the spectrum is both shifted and broadened. To

reduce the effect of the spatial inhomogeneity of n1, only the central part of the cloud was

used to compute the fraction of atoms transferred from |2〉 to |3〉 [5].
Figure 8-6(b) displays the absorption images of the |3〉 cloud for n1 6= 0, and different

applied RF frequencies. While the radial density distribution is averaged out during the

140µs RF pulse and the 120µs expansion time, the axial distribution is clearly visible. For

zero detuning from ν0, only the atoms in the low density wings of the cloud are transferred.

As we tune the RF frequency away from ν0, the transfer efficiency in the wings decreases,

while the transfer efficiency in the center of the cloud initially grows and peaks for a detuning

of ∼ −15 kHz.
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Figure 8-7: Spectroscopic frequency shifts as a function of the magnetic field. (a) Frequency
shifts of the |2〉 → |3〉 resonance due to the presence of atoms in state |1〉. The fit at low
fields (solid line) uses Eq. 8.8 with n1 = 2.2× 1013 cm−3 and the theoretical calculations of
the scattering lengths. The dashed line indicates the position of the predicted a13 resonance.
(b) The latest calculations of the a12 and a13 s−wave scattering lengths as a function of
the magnetic field [120]. a12 has a narrow Feshbach resonance at 550G and a wide one at
810G. a13 has a wide Feshbach resonance at 680G.

The summary of our measurements at different magnetic fields is shown in Fig. 8-

7(a). At low fields, the data are fitted using the mean field prediction of Eq. 8.8, with

the latest calculations of a12 and a13 [5, 120], shown in Fig. 8-7(b)4. However, in the most

interesting region, above ∼ 630G, our results are clearly strongly deviating from the mean

field description of a weakly interacting system.

8.2.1 Strongly interacting and high density limit

The mean field result of Eq. 8.8 relies on two assumptions:

(1) That the two-body interactions are weak, k|a| ¿ 1. In this limit, the interactions

are energy independent, and Re(f) ≈ −a.
(2) That the effective gas density is low, |na3| ¿ 1.

Near the Feshbach resonance, both of these assumptions can be invalidated. Further, in

a degenerate Fermi gas, the two conditions are qualitatively the same, since n ∼ k3F .
In Ch. 4, we have seen how the strong two-body interactions can be properly described

for all values of ka. However, we do not know how to properly account for the simultaneous

breakdown of the low-density approximation. This is a job for the many-body theorists [21].

4Note that this is the third plot of the |1〉 − |2〉 Feshbach resonance in this thesis (see Figs. 5-1 and 6-2).
As I mentioned at the beginning of Ch. 5, the theoretical predictions are constantly updated by the new
experimental inputs. The calculations displayed here make use of all the presently available 6Li experimental
data.
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Figure 8-8: Expansion measurements of the |1〉 − |2〉 interaction energy by Bourdel et al.,
taken from [28]. The ratio of interaction to kinetic energy is plotted as a function of the
magnetic field. Crosses and squares correspond to measurements in differently prepared
samples, while the solid curve shows a mean field calculation. See [28] for details.

It seems natural that in the limit |a| → ∞, this scale does not enter the problem explic-

itly, and is replaced by some real length scale, such as 1/k or the inter-particle separation.

In a degenerate Fermi gas, these two scales are the same, 1/kF . The question is whether in

this limit, the physics is still sensitive to the sign of a. If we just treat the two-body interac-

tion properly in the unitarity limit, and average Re(f) over the momentum distribution, we

will conclude that it is. As I mentioned in Ch. 4, we find < Re(f) >∼ −sgn(a)(1/kF ) [9, 26].
Using this result, we can at least qualitatively explain our measurements in the 630−680G

region. For these magnetic fields, both a12 and a13 are large and positive. Therefore, the

two contributions to the frequency shift of the |2〉 → |3〉 transition saturate at a common

large value, and exactly cancel.

However, for fields above 680G, a12 and a13 are large, and have opposite signs. There-

fore, the two frequency shifts should add up to a large negative value. However, we still

observe essentially no shifts. Our observations are at least qualitatively consistent with

the expansion measurements of the interaction energy in a |1〉 − |2〉 mixture by Bourdel

et al. [28], shown in Fig. 8-8. In that experiment, the interaction energy was found to be

constant and negative for magnetic fields up to 80G below the a12 resonance. Also, the

change of the sign of the interaction energy was abrupt, similar to the sudden disappearance

of the frequency shift at ∼ 630G in our measurements (Fig. 8-7(a)). In order to explain

our data, we would have to assume that the two contributions to the |2〉 → |3〉 frequency
shift have the same sign and magnitude at all fields above 630G.

Some many-body theorists have suggested that in the high density regime, |na3| À 1,

the interaction energy should indeed be universally negative and constant in the vicinity

of a Feshbach resonance, on both of its sides [121, 122]. Other authors have proposed

that this effect could be related to the presence of molecules on the positive side of the
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resonance [28, 30]. However, my general feeling is that the experimental observations are

still not well understood.
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Chapter 9

Conclusions and outlook

The bartender says we don’t serve robots
And the robot says, oh but someday you will

D.C. Berman, Frontier Index

The ongoing quest for fermionic superfluidity in a gaseous system is currently one of

the most exciting research topics in all of atomic physics. The eventual attainment of this

goal will involve many demanding experimental steps. Ultimately, we need to create a

stable, deeply degenerate spin mixture of fermions, in which the interactions are strong and

attractive. In this thesis, I have described our progress in achieving these tasks.

The first part of the thesis described our advances in the cooling of 6Li fermions deep

into quantum degeneracy. The success of our lithium cooling strategy relied on the use of

a large 23Na bosonic cloud as a refrigerant for sympathetic cooling. In order to improve

our refrigerator, we have also achieved first condensation of sodium in the upper, F = 2

hyperfine state by evaporative cooling. This allowed us to magnetically trap and cool

a mixture of sodium and lithium atoms which is stable against inelastic spin-exchange

collisions at all densities. At present, our system produces the largest and the coldest Fermi

samples, as well as the largest Bose-Fermi mixtures [2].

In the second part of the thesis I have discussed our studies of strongly interacting

fermions [3–6]. We have produced and studied optically trapped spin-mixtures of 6Li in the

vicinity of the magnetic field Feshbach resonances, where the phase transition to a superfluid

state is predicted to occur.

In our first study of this regime, we have investigated the stability of the system against

inelastic losses. We have shown that, in contrast to bosonic gases, a mixture of the two

lowest ground states of 6Li exhibits sufficient stability in the strongly interacting regime to

allow further studies and the possible observation of superfluidity [3]. In these experiments,

we have also identified a new Feshbach resonance, which was not theoretically predicted

prior to our work [23].
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In the second set of experiments, we have established RF spectroscopy as a method

to measure the interaction energy in 6Li spin-mixtures arising from coherent collisions be-

tween atoms. As part of this work, we have also demonstrated the absence of mean field

“clock shifts” in a two-state mixture of fermions [5, 6], which may be important for future

improvements of atomic clocks. Interaction energy shifts could be observed by extending

our scheme to a three-level system [5].

Our spectroscopic measurements of the interaction energy shifts in the strongly inter-

acting regime have yielded some surprises, with the interaction energy seemingly being

universal to a surprisingly high degree, independently of both the strength and the repul-

sive or attractive nature of the two-body interactions. While our findings are consistent

with other experiments [28], they still present a challenge to the theorists.

Experimentally, the next challenge is to combine the deep degeneracy of our magnet-

ically trapped 6Li samples, with the tunability of interactions in the optically trapped

spin-mixtures.

However, we will also need further theoretical insight in order to progress. Most impor-

tantly, we need to identify an effective and unambiguous way to detect the superfluid phase

transition. With several groups, including ours, already reaching the conditions at which

the transition may occur, this issue is becoming increasingly urgent. We are currently con-

sidering whether our RF spectroscopic methods can be used to observe the pair breaking

energy in the superfluid state [123, 124].

Finally, we should expect several related research avenues to open in parallel with the

ongoing efforts to achieve superfluidity in a (quasi-)uniform gas. Here I briefly mention

three topics which will almost certainly be important in the near future:

Bose-Fermi mixtures

So far, most Bose-Fermi experiments have concentrated on studies of the degenerate Fermi

gas, and bosons have mostly been used only as a refrigerant for fermions. Studies of non-

trivial physics in Bose-Fermi mixtures have been limited to theory [125] and a single exper-

imental paper, which explored collapse of a harmonically trapped 40K degenerate Fermi gas

due to attractive interactions with a 87Rb Bose cloud [126]. Future studies of the degenerate

mixtures may open a whole new parameter space for finding exotic many-body states.

Optical lattices

Ultimately, the most exciting studies of strongly correlated systems will almost certainly

involve optical lattice trapping potentials. In the case of bosons, this technique has al-

ready yielded fascinating results in the observation of the superfluid to Mott insulator

transition [127]. Optical lattices may soon become important both for the research with

Bose-Fermi mixtures, and for alternative ways of achieving fermionic superfluidity [41].
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Molecules

We have recently learned that diatomic 6Li molecules created by sweeping the magnetic

field through a Feshbach resonance have a lifetime of almost a second [30]. This is a very

pleasant surprise, given that they are in the last bound, highly excited vibrational state, and

we would expect them to undergo a rapid inelastic relaxation. This surprising metastability

may offer a window of opportunity for evaporative cooling and Bose-Einstein condensation

of molecules. Conversion of molecules back into strongly correlated atomic pairs may be

another way of achieving the superfluid state. Finally, it would be as exciting to condense

the molecules in their ground state. This is a serious experimental challenge for the future.
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Appendix A

6Li laser system baedeker

This appendix was written as a more technical companion to Section 2.4.4. As such, it

is rather a collection of loosely connected topics, than a coherent story. The first section

introduces the basics of diode lasers. The second section describes our scheme for referencing

the master laser to a 6Li atomic resonance. In the third section, I calculate the frequencies

needed for imaging of 6Li at high magnetic fields. Finally, I provide a technical drawing of

the actual setup of the laser system.

A.1 Diode Lasers

A.1.1 Free Running Diode Lasers

Laser diodes are the central ingredient of our laser system. Here we introduce some of their

basic characteristics and share some practical experiences. Our experience is limited to

670 nm laser diodes, and may not be more widely applicable. For a more general introduc-

tion to diode lasers and their uses in atomic physics, one can refer to the review article by

Carl Wieman and Leo Hollberg [128]. A comprehensive source on lasers in general is the

book by Anthony Siegman [129].

Main Properties

When current is injected into the depletion region of a p−n semiconductor junction, electron-

hole pairs are recombined and photons corresponding to the band gap of the semiconductor

material are emitted. The gain profile of the material can be up to 20 nm broad, but mode

competition will select one or a few modes near its peak. This is the basic principle behind

the operation of a diode laser, although more complicated layered semiconductor structures

are used in commercial products.

A diode laser basically consists of a semiconductor diode mounted on a temperature

stabilizing block. Mounts based on a Peltier element are commercially available and contain

a temperature monitor and contacts for current injection.
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At this point only the cleaved surfaces of the semiconductor serve as the laser mirrors.

The size of this laser cavity is typically d ∼ 1mm, corresponding to mode spacing of

∆ν = c/2d ∼ 100GHz. We measure the linewidth of the laser to be in the 100MHz range,

much larger than the 6MHz natural linewidth of 6Li. To make things worse, the diode may

not be lasing in a single mode, and will certainly not stay on a single mode over long times.

The maximum power that this type of laser can output in a continuous wave mode is about

50mW.

The laser linewidth should be distinguished from the “cold” cavity mode width. The

latter measures the range of frequencies that the cavity will support and is given simply

by the single photon lifetime inside the cavity. A cavity that is as leaky as reflective has a

finesse no better than 2 or 3, and the corresponding mode width should be several tens of

GHz.

Temperature Control

The band gap of the diode semiconductor material, and hence the wavelength of the emitted

light can be somewhat tuned by changing the temperature. In our experience, typical

temperature dependence of 670 nm diodes is about 0.15 nm/K, with higher temperatures

corresponding to longer wavelengths. Without much complication, diodes can be operated

at least 30K away from room temperature, giving a temperature tuning range of about

±5 nm.

Commercially available controllers can stabilize the temperature stable to better than

0.01K.

Current Control

A typical diode requires a threshold injection current of about 50mA to start lasing.

This threshold marks the separation between the stimulated and the spontaneous emis-

sion regimes, and between a laser and a simple LED. The laser’s maximum output power

is reached at about 100mA.

The ∼ 1mW/mA scaling can be directly linked to the fact that a red photon has about

3 × 10−19 J of energy, while the charge of the electron is 1.6 × 10−19C. The fact that this

rule of thumb does hold reasonably well also tells us that conversion of electron-hole pairs

into photons is a pretty efficient process, certainly in the several tens of percent ballpark.

This high efficiency can be characteristic only of direct gap semiconductors. In indirect gap

materials, photon emission relies on phonon assistance, and they should make rather poor

lasers.

The threshold current increases with increasing temperature. Therefore, in order to

achieve a satisfactory power output, we generally operate heated diodes at a higher current

than is advised by the manufacturer. This is generally OK, if we keep the following warning

in mind. The slope of power vs. current beyond the threshold point, which measures the
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conversion efficiency, generally does not change with temperature. We can keep increasing

the current as long as this slope remains constant. Eventual decrease in the slope with

increasing current can be interpreted as a “runaway threshold” behavior - higher current

increases the local junction temperature through Joule heating and hence increases the

threshold point even though the temperature is nominally set to the same value. We

interpret this as a warning to stop pushing the current further.

Since the injection current affects the local heating of the junction, varying its value

will tune not only the intensity but also the frequency of the light. This dependence is on

a GHz/mA scale.

Like their temperature counterpart, current controllers are also commercially available,

and will keep the chosen injection current stable to better than 0.1mA.

Beam Shape

The cross-section of a diode’s active region, perpendicular to the direction of propagation,

is of rectangular shape, with an aspect ratio of about 3. In this way, the gain is bigger along

one axis and the emitted light has a well defined linear polarization along that direction.

Dimensions of the active region are rather small, of the order of 1µm. Correspondingly,

the output beam has rather large diffraction limited divergence angles, of the order of 10◦.

Thus the beam needs to be immediately collimated with a short focal length lens.

Our diodes have divergence angles along the directions parallel and orthogonal to the

polarization axis of about 8◦ and 20◦ respectively. Using a 4.5mm lens, we collimate the

laser beams to an elliptical, 5× 2mm shape. By adjusting the position of the lens carefully

the beam can usually be collimated over a distance of several meters. Since usually a

circular beam profile is preferred, we then use a combination of two prisms, known as an

anamorphic prism pair, to expand the short axis of the beam by a factor of 2.5, without

affecting the long one.

Reliability and Lifetime

People much more experienced than us know that there are 1001 ways to kill a diode [128].

So far we have been fortunate not to discover too many of them.

In our experience, the fate of a laser diode has been determined in the first few hours of

operation. Or attempted operation. Occasionally a diode would appear to work fine, but

would be impossible to collimate. This might be a sign that it has been electrocuted before

it was mounted. Sometimes a nicely collimated diode will turn out to have a bad mode

hop that makes it impossible to use at the desired wavelength. Further, sometimes the

manufacturer will specify only the nominal wavelength of the diode, and not the measured

value for the particular sample. The two can be different by several nanometers, and the

experimentalist can be in for a bad surprise. As a general rule, one should try to purchase

many replacement diodes and try them out. Given their low cost (usually below $100), this
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is not a big problem. Once a good diode is found, and then carefully operated, it can give

thousands of hours of reliable operation.

One safe way to kill a diode is to run too much current through it or to allow high

transients during switching. Fortunately, commercial current controllers have the option

to limit the maximum current, and have built in “soft” switches. Short of power failure

during operation, this should provide enough safety. If one is forced to heat the diode in

order to tune its wavelength, the threshold current will increase, and the output power at

the manufacturer recommended operating current will drop. It is then naturally tempting

to increase the current. We have certainly done this for diodes heated up to 50 ◦C, and

have always managed to recover the nominal output power. We would however suggest that

the current is increased carefully, and the power is constantly monitored, watching out for

the runaway threshold behavior we described earlier. Similarly, if cooling of the diode is

needed, it should probably be checked whether the maximum current should be reduced.

Another common wisdom is that heating a diode will shorten its lifetime “drastically”.

However the issue of what exactly are the time scales involved does not seem to be an exact

science.

Optical Isolators

Finally, it is important to note that laser diodes are very sensitive to optical feedback. Since

the internal feedback is weak due to a poor cavity, the laser will be affected by any external

light that falls within the very broad gain profile of the diode material. Controlled feedback

can be used to improve the laser characteristics, as we will discuss in the following sections.

However, it is crucial to protect the diode from any accidental uncontrolled feedback. Part

of the laser’s own light reflected back into the diode from somewhere in the optics setup,

can disrupt and even kill the diode. Protection of the diode is conventionally done by

placing a “Faraday isolator” immediately in front of the laser. In brief, the central part

of an isolator is a crystal, surrounded by a permanent magnet, which rotates the laser

polarization through 45◦. This part is sandwiched between two polarizers positioned at

45◦ with respect to each other. The key point is that polarization is rotated in the same

sense independent of the direction of light propagation [130]. Therefore the isolator acts

as an optical diode. In the forward direction, all the light (with polarization aligned with

the input polarizer) is transmitted, whereas the backwards travelling light is blocked with

isolation up to 40 dB.

Summary

To summarize, the basic (670 nm) diode laser setup consists of a diode mounted on a

cooling/heating block, temperature and current controllers, collimating and beam shaping

optics, and an optical isolator. Its output is a circular 5mm beam, with linear polarization,
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power up to 30 mW distributed over several modes, linewidth of about 100MHz, and no

long term stability.

A.1.2 Grating Stabilization

One way to improve the spectral characteristics of a free running laser diode is to put

it into an external cavity. A Littrow configuration illustrated in Fig. A-1 is an example

of a solution in this spirit. A collimated laser beam is incident on a holographic grating

aligned so that the first diffraction order is reflected back into the diode. The zeroth order,

containing about 50% of the diode power, constitutes the output of the laser. Therefore the

cavity is now essentially formed by the back facet of the diode and the grating, and has a

typical size of L ∼ 1 cm. Cavity modes are now separated by about 10GHz, and are a few

GHz wide. The linewidth of our TuiOptics DL100 grating stabilized laser is about 1MHz.

Figure A-1: Grating stabilized laser system in a Littrow configuration.

One new scale now appearing is the gain profile of the grating, which is broadened by

the fact that only a finite number of grating periods is illuminated by the laser beam. For a

5mm beam, about 104 grating periods are used, and thus the grating resolution (essentially

given by the ratio of optical wavelength and the number of grating periods) is around

50GHz.

Coarse wavelength selection of this type of a laser is done by rotating the grating, which

is mounted in such a way that the changes in the length of the cavity match the changes

in the wavelength selected by the grating angle. As long as the laser’s behavior is governed

by the external cavity, its wavelength can be pulled up to 7 nm away from the free running

value. The quantitative measure of the grating feedback is the lowering of the threshold

current from the free running value by up to 10%. At the next level of precision, different

modes can be selected by varying the laser temperature and current. The summary of

different frequency scales is given in Fig. A-2. Good lasing at the desired frequency is

achieved when the different gain and mode profiles overlap as shown.
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Figure A-2: Summary of frequency scales in a grating stabilized laser.

Once the desired wavelength has been selected to within several GHz and the feedback

has been optimized, the final tuning can be done by applying voltage to the piezoelectric

transducer at the back of the grating mount. This method can also be used to scan the

laser frequency over the same range, at rates up to 1 kHz.

Generally speaking, grating (re)alignment needs to be done maybe twice a year. The

fact that it needs to be done at all is a sign of either (generally unpredictable) diode aging

effects, or the fact that the laser has been accidentally bumped into. Temperature of the

diode is changed somewhat more often, probably in order to compensate for smaller aging

effects. Playing with the current and the grating voltage is a daily procedure, taking not

more than a few minutes.

A.1.3 Injection Locking

Another way to improve the spectral characteristics of a free running laser diode is to

inject a small amount of high spectral quality light into it. As long as the injection light

is compatible with the (rather loose) constraints of the diode gain profile and internal

resonator, it will easily win the mode competition.

Optical isolators usually use polarizing beam splitter cubes as their input and exit polar-

izers. This provides an excellent entrance port for the seeding light. If light of appropriate

polarization is sent into the exit polarizer from the side, it will be reflected into the isolator.
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Further, since it has the opposite polarization from the light that would have entered it

en face, it will be rotated in such a way that it will exit the polarizer at the entrance end

without being attenuated. In addition, due to imperfect polarization, a small amount of

slave light is rejected by the exit polarizer, and can be used as a perfect counter propagating

tracer beam for alignment. We have replaced the exit polarizers of our optical isolators with

free standing polarizing beam splitter cubes to provide easier optical access, and overlap of

the seeding and the slave light. This arrangement is sketched in Fig. A-3.

Figure A-3: Seeding of a diode laser.

Effects of seeding are best monitored with a Fabry-Perot spectrum analyzer. The first

sign that the seeding beam is entering the slave diode is visible heating, pushing the slave

frequency to the red. If this effect is maximized, we can be pretty sure that the spatial

overlap of the two beams is optimized. At that point, a narrow spectral line will already

appear among the broad features of a free running slave. Varying the slave current slightly

will then transfer all the laser power into the seeded mode. As with the grating stabilization,

good injection locking will also manifest itself in a reduction of the threshold current, and

hence an increase in the power output.

For long term seeding stability, it is favorable that the distance between the master laser

and the slave is minimal. At the same time, for good alignment of the seeding beam, it

is best that it is overlapped with the tracer beam over the longest possible distance. This

conflict can be resolved in the following manner. We align the slave laser output with some

distant object. An obvious choice is the tracer beam of the wavemeter, with which the

laser needs to be aligned anyway. Then we crudely align the seeding beam, so that it is

goes nicely through the optical isolator, and into the slave’s collimating package. At that

point, if we turn down the slave current, the small reflection of the seeding beam off the

collimating lens is visible and almost aligned with the wavemeter tracer beam. By then
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carefully aligning the two, we are certain that the seeding beam is also perfectly overlapped

with the slave beam. At this point simply turning up the slave current will almost invariably

reveal good seeding.

A.2 Locking of the master laser to the 6Li atomic resonance

For long term stability we lock our Master laser to the 6Li atomic vapor resonance. At room

temperature, the Doppler width of the atomic vapor is on a GHz scale, and some form of

Doppler free spectroscopy needs to be employed. We use optical pumping spectroscopy,

which is a slight variation on the textbook saturated absorption method. The setup is

summarized in Fig. A-4. The pump and the probe beam are counter propagated through a
6Li vapor cell and the transmission of the probe beam as a function of the laser frequency

is recorded by a photodiode.

Figure A-4: Saturated absorption spectroscopy setup. Three Doppler free features are seen
on top of the broad Doppler profile.

Optical Pumping Spectroscopy in a Three Level System

The origins of the Doppler free features seen in Fig. A-4 are visually summarized in Fig. A-5.

At a general frequency, pump and probe beams are resonant with different velocity classes

and there is no effect on the probe absorption. This gives the ∼GHz broad Doppler profile.

If the laser is resonant with one of the two atomic lines, both beams are competing for the

zero velocity atoms and the absorption of the probe is reduced. These are the standard

Lamb dips, except that the absorption reduction comes not from the fact that atoms spend

a large fraction of the time in the excited state, but simply from the fact that they are

pumped over into the other ground state. When the laser is tuned half way between the two

resonances, the pump and the probe talk to the same velocity class, in two different ground
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states. This way, the pump beam will actually increase the population of the ground state

that the probe is resonant with, and the probe absorption will be enhanced. This feature

is known as the crossover peak. Since atoms in both ground states contribute to it, the

crossover is actually the most pronounced feature and is the one we use for locking. Atoms

contributing to this feature have a Doppler shift of 114MHz, corresponding to a velocity

of about 70m/s. Since this is much less than the width of the thermal distribution, their

population is essentially the same as that of the zero velocity atoms, and this does not result

in any relative reduction of the signal.

Figure A-5: Principle of saturated absorption (or optical pumping) Doppler free spec-
troscopy. (A) Broad Doppler background: The velocity class that is resonant with the
probe beam is not resonant with the pump. (B) Lamb dip: The laser is on one of the two
resonances - the probe and the pump both compete for the zero velocity class atoms. (C)
Crossover peak: The laser is half way between the two resonances - the pump puts more
atoms in resonance with the probe.

6Li Vapor Cell

Lithium vapor cells require a bit more effort than those of most other alkali gases. Firstly,

in order to get a sufficient vapor pressure for a good locking signal, lithium must be heated

to about 350 ◦C. Secondly, lithium is on rather bad terms with glass, and it is important to

keep the vapor away from the windows that are used for optical access. Our first cell, an

all-glass design based on work by Libbrecht et al. [131], had a lot of problems with coating

of the windows with lithium, and was eventually shelved. Our final design is a simple 40 cm

long metal cell with plain vacuum windows. A few grams of lithium metal is placed in the

middle part of the cell, which is wrapped in tape heaters. In order to keep lithium away

from the windows we load the cell with about 100mTorr of argon buffer gas. The optimal

argon pressure was empirically determined so that lithium fluorescence is well localized to

the central part of the cell, while the pressure broadening of the Doppler free features is not

too drastic, roughly within 20MHz.
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The Lock Point

The offset between the desired laser frequency and the crossover line is chosen by AOMs

inserted into both the pump and the probe beam. For tuning up to tens of MHz, it is

sufficient to change the frequency of one of the beams. The pump and the probe will

then have different frequencies, but all our previous arguments still hold, just with the

“zero velocity” being redefined to mean the “velocity corresponding to half the difference

between the pump and the probe frequencies”. As long as this is much less then the width

of the thermal distribution, everything will be fine. To this end, the pump AOM is set up in

a double pass configuration, so that the lock point can easily be changed without changing

the alignment of the setup (see Fig. A-8).

As the lock point, we choose the frequency of the MOT cooling transition, about 25MHz

below the F = 3/2→ F ′ = 5/2 cycling transition.

The error signal

In order to lock the master frequency, we need an ’error signal’, proportional to the difference

between the current frequency and the lock point. The absorptive signal shown in Fig. A-4

is not suitable for this. While one could choose to lock to the slope of the crossover peak,

the lock point would then depend on laser power and the vapor pressure in the gas cell.

Instead, we lock to the position of the crossover peak, by turning the absorptive signal into

a dispersive one. To achieve this, the pump frequency is modulated at a rate of 50 kHz, with

an adjustable amplitude ∆ω ∼ 5MHz. A (Stanford Research Systems) lock-in amplifier is

used to provide the oscillator signal to the pump AOM. The probe absorption signal is then

fed into the lock-in amplifier which integrates out its 50 kHz Fourier component in phase

with the oscillator signal. The value of this Fourier component is the measure of the local

slope of the absorptive signal, and in the limit of small ∆ω, this essentially corresponds

to differentiation. Measured absorptive and dispersive signals are shown in Fig. A-6. Less

than 1mW of master laser power is more than sufficient to obtain the displayed signal to

noise ratio. The lock-in integration time is 1ms, and thus the error signal contains only

components up to 1 kHz. This is somewhat limiting, but we have found in practice that it

is sufficient.

Feedback to the Laser

Error signal from the lock-in amplifier is fed back to the laser, via a home built electronic

PI (Proportional - Integral) gain box with a bandwidth of 1 kHz. The “restoring force” on

the laser is mostly provided by the piezoelectric transducer attached to the grating. The

response time of the transducer is about 1ms, in agreement with the bandwidth of our error

signal. We have however found that some feedback to the current controller increases the

laser stability, and tightens the lock from about 4MHz to about 1MHz.
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Figure A-6: Measured absorptive and dispersive Doppler free spectral features. The ab-
sorptive signal from a photodiode, and the dispersive signal from the lock-in amplifier are
recorded on a digital oscilloscope.

A.3 Imaging frequencies at high magnetic fields

Ground, and 2P3/2 excited states of 6Li at high magnetic fields are shown in Fig. A-7. In

the following calculations, all the frequencies are referenced to the frequency of the zero

field cooling transition F = 3/2 → F ′ = 5/2, hν0 = Ee − Eg. Further, all the calculations

are done with the precision of the natural linewidth, Γ = 6MHz.

Let us start with the ground states. We are interested in imaging states |1〉, |2〉, and
|3〉 of the ground state mJ = −1/2 manifold. I will label their energies E1,2,3 and reference

them to the zero field energy of the F = 3/2 state, Eg.

State |3〉 is stretched, so we simply have E3 = Eg − h × 1.4MHz/GB. For the states

|1〉 and |2〉, we solve the standard Breit-Rabi problem, and get:

E1 = Eg − h× 114MHz− h× 114MHz

√

1 +
2

3
x+ x2

E2 = Eg − h× 114MHz− h× 114MHz

√

1− 2

3
x+ x2

where x = B×(1.4MHz/G)/114MHz. For best results, one should plot this one a computer.

However, for fields above ∼ 350G, 114MHz/x2 < Γ, so we can expand to order 1/x:

√

1± 2

3
x+ x2 ≈ x± 1

3
+

4

9x

Further, for fields above ∼ 350G, we can, with Γ precision, replace 114MHz× 4/(9x) with

6MHz. So finally, for imaging purposes, we have:

E1 = Eg − h× 1.4MHz/GB − h× 158MHz

E2 = Eg − h× 1.4MHz/GB − h× 82MHz

E3 = Eg − h× 1.4MHz/GB (A.1)
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Figure A-7: Optical transitions in 6Li at high magnetic fields. Atoms in the three mJ =
−1/2 ground states can be imaged on the transitions to the excited states mJ = −3/2 (ν1)
or mJ = −1/2 (ν2). Transitions to the mJ = 1/2 states are too far detuned from all the
frequencies already available in the laser system.

Now let us look at the excited states. The hyperfine constant in the excited state of

lithium is only ∼ 1MHz, and the resulting hyperfine structure is not resolved at low fields

(see Section 2.4). Likewise, at high fields, different mI states within the same mJ manifold

are not resolved. The two transitions which are easiest to reach with AOMs are those to

mJ = −1/2 and mJ = −3/2. We label the energies of these states E−1/2 and E−3/2, and

reference them the the zero field energy of all F ′ states, Ee.

In 6Li, the fine splitting of the 2P state is also rather small, about 10GHz. Therefore, at

fields of interest, the ~L· ~S interaction already starts being decoupled. Hence, themJ = −1/2
state has a small upwards quadratic shift because it is repelled from the mJ = −1/2 state

of the J = 1/2 manifold. So, again we solve a simple Breit-Rabi problem, and then expand

in the small parameter, except now the small parameter is B, rather than 1/B. The

mJ = −3/2 state is stretched, so no effort is required there. This calculation gives:

E−1/2 = Ee − h×
2

3
× 1.4MHz/GB + h× 0.44MHz/G2B2

E−3/2 = Ee − h× 2× 1.4MHz/GB (A.2)

Subtracting Eq. A.1 from Eq. A.2, and remembering that (Ee−Eg)/h = ν0 is the MOT

cooling frequency (tuned to resonance), we obtain all the needed frequency with sufficient
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precision to be able to image the atoms. A further tuning of the imaging frequency, by a

few MHz, can be done empirically.

Let us summarize all the six used frequencies:

ν
−1/2
1 = ν0 +

1

3
× 1.4MHz/GB + 0.44MHz/G2B2 + 158MHz

ν
−1/2
2 = ν0 +

1

3
× 1.4MHz/GB + 0.44MHz/G2B2 + 82MHz

ν
−1/2
3 = ν0 +

1

3
× 1.4MHz/GB + 0.44MHz/G2B2

ν
−3/2
1 = ν0 − 1.4MHz/GB + 158MHz

ν
−3/2
2 = ν0 − 1.4MHz/GB + 82MHz

ν
−3/2
3 = ν0 − 1.4MHz/GB (A.3)

where the subscript labels the ground state, and the superscript labels the excited state.

A.4 Layout of the 6Li laser system

Figure A-8 shows the real space arrangement of the 6Li laser system, drawn roughly to scale.

The dimensions of the optical table on which the system is assembled are 90× 210 cm.

The part of the setup needed for imaging at high magnetic fields is not included, because

it is currently being changed.
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Appendix B

Two-Species Mixture of Quantum

Degenerate Bose and Fermi Gases

This appendix includes the following paper [1]:

Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta, M. W. Zwierlein, A. Görlitz, and

W. Ketterle, “Two-Species Mixture of Quantum Degenerate Bose and Fermi Gases,” Phys.

Rev. Lett. 88, 160401 (2002).
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Two-Species Mixture of Quantum Degenerate Bose and Fermi Gases

Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta, M. W. Zwierlein, A. Görlitz,* and W. Ketterle

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

MIT, Cambridge, Massachusetts 02139
(Received 26 December 2001; published 4 April 2002)

We have produced a macroscopic quantum system in which a 6Li Fermi sea coexists with a large and
stable 23Na Bose-Einstein condensate. This was accomplished using interspecies sympathetic cooling
of fermionic 6Li in a thermal bath of bosonic 23Na. The system features rapid thermalization and long
lifetimes.

DOI: 10.1103/PhysRevLett.88.160401 PACS numbers: 05.30.Fk, 32.80.Pj, 39.10.+j, 67.60.–g

Experimental methods of laser and evaporative cooling,
used in the production of atomic Bose-Einstein conden-
sates (BEC) [1], have recently been extended to realize
quantum degeneracy in trapped Fermi gases [2–5]. What
makes gaseous fermionic systems particularly appealing to
investigate is the relative ease with which their properties
can be varied. This allows the exploration of a vast range
of experimental regimes, from noninteracting to strongly
correlated. In the first case, purely quantum statistical ef-
fects can be studied, such as the implications of Pauli ex-
clusion on scattering properties of the system. In the other
extreme, exciting new regimes of BCS-like fermionic su-
perfluidity may be within reach [6–9]. An additional area
of interest is the production of a dilute quantum degener-
ate mixture of Bose and Fermi gases, akin to the strongly
interacting 4He-3He liquid. This would extend the list of
possible experimental studies even further, to include ef-
fects such as interaction-driven phase separation [10] or
BEC-induced interactions between fermions.

In this Letter, we report the production of a new
macroscopic quantum system, in which a degenerate 6Li
Fermi gas coexists with a large and stable 23Na BEC. We
have achieved high numbers of both fermions �.105� and
bosons �.106�, and 6Li quantum degeneracy characterized
by a temperature of one-half the Fermi temperature �TF�.
This provides us with the starting point for studies of
the degenerate 6Li Fermi gas, which is regarded as a
particularly promising candidate for the BCS transition
[6,7]. Further, favorable collisional properties make
the 6Li-23Na system very promising for studies of the
degenerate Bose-Fermi mixtures, including the limitations
to the cooling process [11,12]. It is also worth noting
that, in our experiment, a mixture of two different atomic
species has been simultaneously brought into quantum
degeneracy for the first time.

Our experimental approach is based on sympathetic
cooling of fermions in a large bosonic “refrigerator.” In
contrast to the bosonic case, two-body elastic collisions
are absent in a single-component Fermi gas at ultralow
temperatures due to the Pauli exclusion principle. This
lack of thermalization precludes direct implementation
of forced evaporative cooling. Therefore, cooling of

fermions into the quantum degenerate regime must rely
on collisions between distinguishable atoms. In two
experiments which produced degenerate Fermi gases,
mixtures of two fermionic spin states were simultaneously
evaporated and mutually cooled [2,5]. Two groups have
also demonstrated sympathetic cooling of 6Li by the 7Li
bosonic isotope, thus also producing the first quantum
degenerate Bose-Fermi mixtures. However, this system
has a limitation that, in the upper hyperfine state, the 7Li
condensate is unstable [3], while scattering properties
in the lower hyperfine state make sympathetic cooling
inefficient, and limit the size of both 6Li and 7Li samples
[4]. We have overcome both of these limitations by using
a large 23Na cloud, instead of 7Li, for sympathetic cooling
of 6Li. Our work provides the natural progression in the
search for an ideal Bose-Fermi system, where a “good”
Bose-Einstein condensate is chosen, and then combined
with a favorable fermionic species. Similar two-species
experiments are currently being pursued by three other
groups [13–15]. Given the vast variety of collisional
properties among alkali gases, and a limited choice of
favorable Bose-Fermi combinations, the properties of the
6Li-23Na mixture are truly fortuitous. In our experiment,
we have observed rapid interspecies thermalization,
while low rates for both intra- and interspecies inelastic
collisions result in a lifetime longer than 10 s. Both the
presence of sufficient “good” (elastic) collisions needed
for interspecies thermalization and the slow rate of “bad”
(inelastic) collisions could not be taken for granted before
our studies.

For this experiment, we have upgraded our 23Na BEC
apparatus [16] to allow for both lithium and sodium opera-
tion, while making minimal modifications to the original
setup. The additional laser light needed for optical cooling
of 6Li was generated by a low power, diode laser system
[17]. The lithium (671 nm) and sodium (589 nm) laser
beams were overlapped using dichroic beam-splitters, and
the spatial arrangement of the laser and atomic beams used
to trap, cool, and detect lithium was identical to the original
sodium setup. Specifically, a two-species magneto-optical
trap (MOT) was loaded from a single two-species atomic
beam, slowed in the same Zeeman slower previously used

160401-1 0031-9007�02�88(16)�160401(4)$20.00 © 2002 The American Physical Society 160401-1
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in sodium-only experiments. The fact that the maximum
spontaneous light force deceleration is twice as large for
6Li as for 23Na allowed us to slow lithium atoms without
compromising the slowing efficiency for sodium.

To implement our experimental strategy, we have devel-
oped a two-species oven in which the vapors of 6Li and
23Na were mixed, and a single atomic beam containing
both species was produced (Fig. 1). The main difficulty in
designing such an oven is that, at the same temperature, the
vapor pressure of lithium is 3 orders of magnitude lower
than that of sodium. To achieve comparable atomic fluxes
of both species, the alkali vapors must be produced in sepa-
rate chambers, and then delivered to a mixing chamber,
at controllable rates. In our design, the lithium chamber
was also used for mixing. To operate the oven in either
single- or two-species mode, we tuned the atomic fluxes
independently by changing the temperatures of the alkali
reservoirs. The maximum atom fluxes into the solid angle
subtended by the MOT region were 3 3 1011 s21 for 6Li
and 2 3 1012 s21 for 23Na.

Under typical operating conditions, 5 s of loading re-
sulted in single-species MOTs with 2 3 107 lithium atoms
or 6 3 109 sodium atoms. When both MOTs were opera-
ted simultaneously, interspecies light-assisted collisions re-
duced the number of lithium atoms by a factor of about
4, while the sodium atom number was not noticeably
affected. The number of 6Li atoms in the MOT was
maximized when the trapping and the repumping light
frequencies were tuned 25 MHz below the corresponding
resonances. The resulting temperature of the lithium atoms
was �700 mK.

Since the 23Na BEC is produced in the jF, mF� �

j1, 21� lower hyperfine ground state, to avoid inelastic
spin-exchange collisions, it is preferred to magnetically
trap 6Li in the corresponding j1�2, 21�2� state. (Here, F is
the total angular momentum, and mF is its projection along
the quantization axis.) However, the maximum magnetic
trap depth in the j1�2, 21�2� state is only 330 mK (see

 Zeeman slower

Transfer Nozzle

450 ºC

Main Nozzle
450 ºC

Na reservoir

200 ºC - 400 ºC

Li reservoir

280 ºC - 400 ºC

FIG. 1. Two-species oven. 6Li and 23Na vapors were produced
in separate chambers to allow for independent control of the
atom fluxes. The two species were mixed in the lithium chamber.
The transfer nozzle has a conductance 40 times lower than the
main nozzle, and limits the undesirable diffusion of lithium into
the sodium chamber.

Fig. 2), considerably lower than our MOT temperature.
Further, due to the inefficiency of sub-Doppler cooling
mechanisms, it is not possible to optically cool lithium
to temperatures which would make magnetic trapping in
this state efficient [17]. Therefore, to avoid drastic losses
due to the limited trap depth, lithium atoms were optically
pumped and then magnetically trapped in the F � 3�2

manifold. Before loading the magnetic trap, 4 ms were
allowed for the sub-Doppler polarization gradient cooling
of sodium, during which the lithium cloud was in free
expansion. This reduced the transfer efficiency of lithium
atoms into the trap by a factor of 2, limiting it to about
12%. We have thus magnetically trapped �6 3 105 6Li
atoms in the upper hyperfine state and �2 3 109 23Na
atoms in the lower one. At low energies, our cloverleaf
magnetic trap is harmonic and axially symmetric. In
the lower hyperfine states, the trapping frequencies for
lithium (sodium) are vz � 2p 3 26 �16� Hz axially and
vr � 2p 3 354 �221� Hz radially.

Once the atoms were loaded into the magnetic trap,
we started the forced evaporative cooling of sodium [1].
A varying microwave field near 1.77 GHz was used to
gradually lower the trap depth for 23Na, selectively
transferring the most energetic atoms into the untrapped
j2, 22� state. This microwave field does not affect the 6Li
atoms, which were therefore not evaporated. Cooling of
the lithium sample was instead achieved through thermal
contact with sodium. We observed efficient sympathetic
cooling of 6Li in the upper hyperfine state by 23Na in the
lower one, and have successfully cooled this Bose-Fermi
mixture into simultaneous quantum degeneracy. This ob-
servation indicates a surprisingly favorable ratio between

80400 B field [G]

|3/2, 3/2>

|3/2, 1/2>

|3/2, -1/2>

|3/2,-3/2>

|1/2, -1/2>

|1/2, 1/2>

228 MHz

Trapping limit, 27 G

Trap bottom, 1 G

Hyperfine transfer

End of cooling

Loading

FIG. 2. 6Li in the magnetic trap. Ground state energy levels:
The six hyperfine states are labeled in the low magnetic field,
jF, mF� basis. The j1�2, 21�2� state becomes strong field seek-
ing for fields above 27 G, limiting the trap depth to 330 mK.
Cooling path: Atoms in the j3�2, 1�2� upper hyperfine state
were loaded into the magnetic trap at a temperature of 700 mK.
After the initial cooling stage to 50 mK, the atoms were trans-
ferred to the j1�2, 21�2� state, and further cooled to a final
temperature of 330 nK.
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the good and bad interspecies collisions in this mixture.
The losses due to inelastic spin-exchange collisions took
place only on a time scale of several seconds, comparable
to the total evaporation time of 15 s.

In order to produce a collisionally stable Bose-Fermi
mixture, it is necessary to transfer the lithium atoms to the
lower hyperfine state. To minimize the initial losses due
to spin-exchange collisions, this transfer should take place
as early in the cooling process as possible. On the other
hand, before lithium atoms can be efficiently trapped in
the lower hyperfine state, they must be cooled significantly
below 330 mK. Therefore, we implemented sympathetic
cooling in two stages (see Fig. 2). We optimized the ini-
tial evaporation stage to reach a temperature of �50 mK
in 5 s, while losing less than half of the lithium atoms, and
maintaining the conditions for efficient sodium evapora-
tion. At this point, we found that a substantial fraction of
lithium atoms was in the j3�2, 1�2� state. They could thus
be transferred to the j1�2, 21�2� state on a single-photon
rf transition at 228 MHz, which is, to first order, inde-
pendent of the magnetic field. This simplification over a
similar hyperfine transfer previously employed in [4] was
not expected. After the rf pulse was applied, the remaining
F � 3�2 atoms were optically pumped into untrapped hy-
perfine states, and expelled from the trap. If this “cleanup”
light pulse was omitted, spin-exchange collisions between
lithium atoms in different hyperfine states led to a rapid
loss of atoms from the trap [18]. The overall efficiency
of our hyperfine transfer was �50%. The evaporation was
then resumed for another 10 s. We observed efficient sym-
pathetic cooling of the j1�2, 21�2� atoms, and cooled both
gases into quantum degeneracy without observable losses
in the lithium atom number.

Figure 3(a) displays the effect of sympathetic cooling
on the 6Li cloud. Absorption images of the trapped 6Li
gas were taken after the 23Na evaporation was terminated
at different trap depths, and the sample was allowed to
equilibrate for 1 s. Cooling (from top to bottom) is seen
in the shrinking of the density distribution and an increase
in the peak optical density. In contrast to standard evapo-
rative cooling, and the mutual cooling between two Fermi
species, the total number of atoms remains constant.

Quantitative analysis of the 6Li clouds is depicted in
Fig. 3(b). We performed two-dimensional fits to the
recorded column densities using both a simple Gaussian
model and a semiclassical (Thomas-Fermi) distribution for
trapped noninteracting fermions. In the latter approach,
the probability that an atom has position �r and momentum
�p is obtained from the Fermi-Dirac distribution for the
total (kinetic and potential) energy of the particle. The
fitting function for the spatial distribution of atoms in the
trap is then obtained by integrating over the momentum
degrees of freedom. While the Gaussian model gives a
valid description of the gas only in the classical, high
temperature limit, the Thomas-Fermi approach is valid
at all temperatures, as long as the number of particles in

0 1.5 

Optical Density

-500 0 500

Axial distance [µm]

2 TF

1 TF

0.5 TF
DF

a)                                                b)

FIG. 3. Onset of Fermi degeneracy. Three pairs of images (top
to bottom) correspond to T�TF � 2, 1, and 0.5. (a) Column
densities of the 6Li cloud were recorded by absorption imaging.
(b) Axial line density profiles and the Thomas-Fermi fits to the
data are plotted. The arrow indicates the size of the Fermi
diameter, DF .

the system is large [19]. Indeed, at higher temperatures,
the two fits performed equally well, and yielded the same
temperature. However, at a temperature of about 400 nK,
the classical fits started to fail. This was indicated by the
relative growth of the reduced x2 values, by up to 20%

above the corresponding values for the fermionic fits.
For the coldest samples, Gaussian fits also overestimated
the temperature by �15%. From the fitted number of
atoms in the system (NLi � 1.4 3 105, TF � 670 nK),
we found that the noticeable inadequacy of the classical
fits occurred at �0.6 TF , which is a clear signature of
the Fermi degeneracy. Figure 3(b) shows projected line
densities along the axial direction of the 6Li cloud and the
Thomas-Fermi fits to the data. The arrow indicates the
size of the Fermi diameter, DF � 2

p

2kBTF��mv2
z �, for

the fitted atom number. The spatial extent of the coldest
cloud �T � 330 nK � 0.5 TF� is already comparable
to the minimum size the system would assume at zero
temperature. Typical densities of the coldest lithium
samples were �1012 cm23.

In Fig. 4, the temperature of the 6Li cloud is plotted as
a function of the final 23Na trap depth. The coldest lithium
samples were produced in coexistence with almost pure
sodium condensates with �2 3 106 atoms. The lifetime
of this degenerate mixture was limited to about 10 s by the
three-body decay of the BEC, while the lithium cloud had
a lifetime longer than 100 s. The lifetime of either species
was not detectably affected by the presence of the other
one. Even after sodium was lost from the trap, the energy
of the lithium cloud did not increase noticeably �,5 nK�s�
during its slow decay. We also compared the 6Li tempera-
tures with the temperatures of the 23Na cloud, extracted
from the thermal wings of the bosonic density distribution.
In hotter samples, the two agreed to within 10%. However,
for the coldest samples we observed a discrepancy between
the two temperatures. The lowest measurable temperature
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FIG. 4. Temperatures of the 6Li cloud as a function of the 23Na
trap depth. Each data point is an average of three measurements.
The error bars indicate the shot-to-shot fluctuations, while the
uncertainties of the fits are comparable or smaller. In the case
when sodium was completely evaporated from the trap (c.f. zero
trap depth data point), the very last stage of sympathetic cooling
became inefficient due to the vanishing heat capacity of the
bosonic reservoir. The inset shows the same temperature data
scaled to the Fermi temperature.

of sodium was T � 170 nK, about half the corresponding
lithium value. We verified that, in these samples, extending
the thermalization time at the end of evaporation up to 10 s
did not lower the lithium temperature any farther. The rea-
sons for the observed temperature discrepancy are worthy
of further investigation. Simple spatial separation of the
two clouds due to different gravitational sags can be read-
ily ruled out. However, some form of phase separation of
the two species [10], or constant heating of the fermionic
cloud [12], could play a role.

In conclusion, we have produced a system in which
a 6Li Fermi sea coexists with a 23Na BEC. This pro-
vides us with a starting point for studies of the degen-
erate Bose-Fermi mixtures. In particular, the observed
temperature difference between the two spatially over-
lapped species might provide further insight into the limits
of sympathetic cooling. Further, by loading the degen-
erate Fermi cloud into an optical trap, effects of mag-
netically tunable interactions between lithium atoms in
different spin states can be studied [18]. A particularly
appealing prospect is the observation of the BCS transi-

tion to a fermionic superfluid state, for which 6Li is a very
promising candidate.

We thank Florian Schreck for useful discussions and
Christian Schunck for experimental assistance. This re-
search was supported by NSF, ONR, ARO, NASA, and the
David and Lucile Packard Foundation. M. W. Z. acknowl-
edges the support of the Studienstiftung des deutschen
Volkes and the Ecole Normale Supérieure, Paris.

*Current address: Universität Stuttgart, 5. Phys. Inst.,
Stuttgart, Germany.

[1] Bose-Einstein Condensation in Atomic Gases, Proceedings
of the International School of Physics “Enrico Fermi,”
Course CXL, edited by M. Inguscio, S. Stringari, and
C. Wieman (IOS Press, Amsterdam, 1999).

[2] B. DeMarco and D. S. Jin, Science 285, 1703 (1999).
[3] A. G. Truscott, K. E. Strecker, W. I. McAlexander, G. B.

Partridge, and R. G. Hulet, Science 291, 2570 (2001).
[4] F. Schreck, L. Khaykovich, K. L. Corwin, G. Ferrari,

T. Bourdel, J. Cubizolles, and C. Salomon, Phys. Rev.
Lett. 87, 080403 (2001).

[5] S. R. Granade, M. Gehm, K. M. O’Hara, and J. E. Thomas,
Phys. Rev. Lett. 88, 120405 (2002).

[6] H. T. C. Stoof, M. Houbiers, C. A. Sackett, and R. G. Hulet,
Phys. Rev. Lett. 76, 10 (1996).

[7] M. Houbiers, R. Ferwerda, H. T. C. Stoof, W. I. McAlexan-
der, C. A. Sackett, and R. G. Hulet, Phys. Rev. A 56, 4864
(1997).

[8] M. A. Baranov and D. S. Petrov, Phys. Rev. A 58, R801
(1998).

[9] M. Holland, S. J. J. M. F. Kokkelmans, M. L. Chiofalo, and
R. Walser, Phys. Rev. Lett. 87, 120406 (2001).

[10] K. Mølmer, Phys. Rev. Lett. 80, 1804 (1998).
[11] E. Timmermans and R. Côté, Phys. Rev. Lett. 80, 3419

(1998).
[12] E. Timmermans, Phys. Rev. Lett. 87, 240403 (2001).
[13] J. Goldwin, S. B. Papp, B. DeMarco, and D. S. Jin, Phys.

Rev. A 65, 021402(R) (2002).
[14] G. Modugno, G. Ferrari, G. Roati, R. J. Brecha, A. Simoni,

and M. Inguscio, Science 294, 1320 (2001).
[15] M. Mudrich, S. Kraft, K. Singer, R. Grimm, A. Mosk, and

M. Weidemüller, physics/0111213.
[16] M. O. Mewes, M. R. Andrews, N. J. van Druten, D. M.

Kurn, D. S. Durfee, and W. Ketterle, Phys. Rev. Lett. 77,
416 (1996).

[17] U. Schünemann, H. Engler, M. Zielonkowski, M. Wei-
demüller, and R. Grimm, Opt. Commun. 158, 263 (1998).

[18] M. Houbiers, H. T. C. Stoof, W. I. McAlexander, and R. G.
Hulet, Phys. Rev. A 57, R1497 (1998).

[19] D. A. Butts and D. S. Rokhsar, Phys. Rev. A 55, 4346
(1997).

160401-4 160401-4



Appendix C

Fifty-fold improvement in the

number of quantum degenerate

fermionic atoms

This appendix includes the following manuscript [2]:

Z. Hadzibabic, S. Gupta, C. A. Stan, C. H. Schunck, M. W. Zwierlein, K. Dieckmann,

and W. Ketterle, “Fifty-fold improvement in the number of quantum degenerate fermionic

atoms,” cond-mat/0306050 (2003).
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Fifty-fold improvement in the number of quantum degenerate fermionic atoms

Z. Hadzibabic, S. Gupta, C.A. Stan, C.H. Schunck, M.W. Zwierlein, K. Dieckmann, and W. Ketterle
Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

MIT, Cambridge, MA 02139

(June 3, 2003)

We have produced a quantum degenerate 6Li Fermi gas with up to 7× 107 atoms, an improvement
by a factor of fifty over all previous experiments with degenerate Fermi gases. This was achieved by
sympathetic cooling with bosonic 23Na in the F = 2, upper hyperfine ground state. We have also
achieved Bose-Einstein condensation of F = 2 sodium atoms by direct evaporation.

PACS numbers: 05.30.Fk, 32.80.Pj, 39.25.+k, 67.60.-g

Over the last few years, there has been significant
progress in the production of quantum degenerate atomic
Fermi gases (40K [1,2] and 6Li [3–6]) and degenerate
Bose-Fermi mixtures (7Li-6Li [3,4], 23Na-6Li [6], and
87Rb-40K [2]). These systems offer great promise for
studies of new, interaction-driven quantum phenomena.
The ultimate goal is the attainment of novel regimes of
BCS-like superfluidity in a gaseous system [7–10]. The
current efforts to induce and study strong interactions in
a Fermi gas [11–20] are complemented with the ongoing
efforts to improve fermion cooling methods, which would
lead to lower temperatures and larger samples.

The main reason why studies of degenerate Fermi
gases are still lagging behind the studies of atomic Bose-
Einstein condensates (BECs), is the complexity of cooling
methods. The Pauli exclusion principle prohibits elastic
collisions between identical fermions at ultra-low temper-
atures, and makes evaporative cooling of spin-polarized
fermionic samples impossible. For this reason, cooling
of fermions must rely on some form of mutual or sympa-
thetic cooling between two types of distinguishable parti-
cles, either two spin states of the same atom [1,5], or two
different atoms [2–4,6]. A key element in fermion cool-
ing is the design of better “refrigerators” for sympathetic
cooling.

In this Letter, we report the first production of degen-
erate Fermi samples comparable in size with the largest
alkali BECs [21]. We successfully cooled up to 7 × 107

magnetically trapped 6Li atoms to below half the Fermi
temperature (TF ). This is an improvement in atom num-
ber by a factor of 50 over the largest previously re-
ported Fermi sea [20]. Further, in samples containing
up to 3 × 107 atoms, we observed temperatures as low
as 0.05 TF , the lowest ever achieved. At these tempera-
tures, the fractional occupation of the lowest energy state
differs from unity by less than 10−8.

As in our previous work [6], 6Li atoms were magnet-
ically trapped in the F = 3/2, upper hyperfine ground
state, and sympathetically cooled by bosonic 23Na. The
crucial improvement was our achievement of forced evap-
oration of sodium in the |F, mF 〉 = |2, +2〉, upper hyper-
fine ground state, producing large and stable BECs with
up to 107 atoms. This allowed us to create a magneti-

cally trapped 23Na-6Li, Bose-Fermi mixture which is sta-
ble against spin-exchange collisions at all densities, and
dramatically boosted our fermion atom number.
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FIG. 1. Hyperfine structures of 6Li and 23Na. The states
are labelled in the low field, |F, mF 〉 basis. (a) Due to fi-
nite trap depth of ∼ kB × 300 µK in the |1/2,−1/2〉 state,
lithium can be efficiently loaded into the magnetic trap only
in the upper, F = 3/2 hyperfine state. (b) Sodium is mag-
netically trappable in the |1,−1〉, and in the |F = 2, mF ≥ 0〉
states. Previously, sodium has been evaporatively cooled to
BEC only in the |1,−1〉, lower hyperfine state.

The criteria for designing sympathetic cooling experi-
ments include the heat capacity of the refrigerator, and
the inter-species collisional properties, both elastic and
inelastic. Large and stable 23Na condensates are an ap-
pealing choice for sympathetic cooling of fermions. Fur-
ther, a favorable mass ratio allows for simultaneous Zee-
man slowing of 23Na and 6Li [6], and for simultaneous
magnetic trapping without large differences in the grav-
itational sag. The inter-species collisional properties are
generally not predictable, and have to be tested experi-
mentally. In order to minimize all possible inelastic pro-
cesses, the natural choice is to magnetically trap both
species in their lower hyperfine ground states. However,
at temperatures reachable by laser cooling (≥ 300 µK),
6Li can be efficiently magnetically trapped only in the
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upper hyperfine state, F = 3/2 [4,6] (Fig. 1(a)). On the
other hand, until now sodium has been successfully evap-
orated only in the lower, F = 1 hyperfine state. This was
a limiting factor for sympathetic cooling of 6Li, since the
mixture of sodium in the lower, and lithium in the upper
hyperfine state is not stable against spin-exchange colli-
sions. The inelastic loss rate increases as the temperature
is lowered and the density grows. In our previous work
[6], we partially overcame this problem by transferring
lithium atoms into the lower hyperfine state after an ini-
tial sympathetic cooling stage to ∼ 50 µK. By achieving
forced evaporative cooling and Bose-Einstein condensa-
tion of sodium in the F = 2 state, we have now realized a
more robust sympathetic cooling strategy, and dramati-
cally improved the size and temperature of a degenerate
Fermi system.

We loaded ∼ 3 × 109 sodium and up to 108 lithium
atoms in their upper hyperfine states from a two-species
magneto-optical trap (MOT) into the magnetic trap.
The adverse effect of light assisted collisions in a two-
species MOT [6,22] was minimized by slightly displac-
ing the two MOTs with respect to each other. During
the typical 30 s of evaporative/sympathetic cooling, we
observed no significant inelastic loss of lithium atoms
(by three-body collisions or dipolar relaxation), the fi-
nal number of degenerate atoms being at least half of
the number initially loaded into the trap. On the other
hand, we observed a favorable rate of elastic collisions
between the two species, with the inter-species thermal-
ization time being shorter than 1 s. Therefore, sodium
atoms in the upper hyperfine state have ideal properties
as a refrigerant for 6Li.

Since our primary interest was cooling of fermions, we
evaporated all sodium atoms in order to get lithium to
the lowest possible temperatures. Even in our largest 6Li
samples, of ∼ 7 × 107 atoms, we achieved temperatures
below 0.5 TF . Temperatures in the range 0.05 − 0.2 TF

could be achieved by reducing the 6Li atom numbers only
slightly, to ∼ 3×107. Such big clouds had a high enough
optical density for crisp absorption imaging even after
ballistic expansion to a size larger than one millimeter
(Fig. 2(a)).

Temperatures were extracted from absorption images
of expanding clouds released from the trap, using a semi-
classical (Thomas-Fermi) fit to the Fermi-Dirac momen-
tum distribution [6,23] (Fig. 2(b)). The quoted temper-
ature range reflects both the shot-to-shot and day-to-
day reproducibility, and the fact that the Fermi distribu-
tion is very insensitive to the temperature in this ultra-
degenerate limit.

In these experiments, the 6Li atom number was ad-
justed during the loading phase. Somewhat lower tem-
peratures could possibly be achieved if the maximum
lithium atom number was loaded into the magnetic trap,
and then the hottest part of the cloud was selectively re-
moved by direct evaporation once the sodium atom num-

ber dropped to the point where the heat capacities of the
two species become comparable. However, at this point it
appears unlikely that temperatures below 0.05 TF could
be conclusively extracted in order to differentiate the two
strategies.

Fermi Diameter

(b)

3 mm

(a)

FIG. 2. Large and ultra-degenerate Fermi sea. (a) Absorp-
tion image of 3 × 107 6Li atoms released from the trap and
imaged after 12 ms of free expansion. (b) Axial (vertical) line
density profile of the cloud in (a). A semiclassical fit (thin
line) yields a temperature T = 93 nK= 0.05 TF . At this tem-
perature, the high energy wings of the cloud do not extend
visibly beyond the Fermi energy, indicated in the figure by
the momentum-space Fermi diameter.

We also produced two-species degenerate Bose-Fermi
mixtures with several million atoms in each species
(Fig. 3). The mixture was stable, with a lifetime of sev-
eral seconds, limited only by the three-body decay of the
sodium cloud.

1
.7

 m
m

Li  6 Na23

FIG. 3. Two-species mixture of degenerate Bose and Fermi
gases. After release from the magnetic trap, both 6Li and
23Na clouds were imaged onto the same CCD camera using
separate light pulses. The times of free expansion of the two
gases could be varied independently. This dual-imaging tech-
nique allowed for optimizing the cooling strategy for either
single- or two-species experiments. For the displayed image,
the expansion times were τLi = 8ms and τNa = 25ms, and
the atom numbers were NLi ∼ 107 and NNa ∼ 6 × 106.
Sodium was cooled below the condensation temperature, cor-
responding to ∼ 0.2 TF for the lithium cloud.

In the rest of the paper, we summarize the numerous
steps which were introduced to prepare sodium in the
F = 2 state as a refrigerant.

2



In contrast to 87Rb, condensation of sodium by evapo-
rative cooling was previously achieved only in the lower,
|1,−1〉 hyperfine state. F = 2 sodium condensates could
thus be studied only by transferring optically trapped
F = 1 BECs into this state [24,25]. Condensation in the
upper hyperfine state of sodium is more difficult than in
the lower state for two reasons: (1) The requirement for
efficient optical pumping in dense laser-cooled samples,
and (2) an order of magnitude higher three-body loss rate
coefficient [24].

The basic setup of our experiment is described in [6].
In 10 s, we collected typically ∼ 1010 23Na atoms, and ∼
108 6Li atoms in a magneto-optical trap (MOT). Typical
MOT temperatures were 0.7-1 mK. Sodium was collected
in a dark-SPOT variant of the MOT [26], and therefore
most of the atoms were in the F = 1 hyperfine state.
Lithium was collected in a “bright” MOT, with about
2/3 of the atoms in the F = 3/2 state.

Before the transfer into the magnetic trap, the atoms
were optically pumped into the stretched hyperfine
ground states, |2, +2〉 for 23Na, and |3/2, +3/2〉 for 6Li.
A magnetic guide field of 3 G was applied, and the atoms
were optically pumped for 2 ms, using σ+ polarized light.
To achieve both F (hyperfine) and mF (Zeeman) pump-
ing, two light beams where used for each species, reso-
nant with the |F = I ± 1/2〉 → |F ′ = I ± 1/2〉 tran-
sitions. Here, I is the nuclear spin (I = 3/2 for 23Na,
and I = 1 for 6Li), and F ′ is the total spin in the ex-
cited electronic state. In this way, almost all the lithium
atoms could be pumped into the |3/2, +3/2〉 state. On
the other hand, the density of sodium atoms in the dark-
SPOT is ≥ 1011 cm−3, and Zeeman pumping is notori-
ously difficult at such high densities. In our experiments,
the fraction of atoms pumped into the |2, +2〉 state was
limited to about 30 %, with most of the remaining atoms
distributed among the other mF sub-levels of the F = 2
manifold.

After the optical pumping stage, the atoms were loaded
into a Ioffe-Pritchard magnetic trap with a radial gra-
dient of 164 G/cm, and axial curvature of 185 G/cm2.
Sodium atoms in all three |F = 2, mF ≥ 0〉 states are (at
least weakly) magnetically trappable (Fig. 1(b)). How-
ever, only pure |2, +2〉 samples are stable against inelas-
tic spin-exchange collisions. A crucial step in prepar-
ing the samples for efficient forced evaporation was to
actively remove |F = 2, mF = 0, +1〉 atoms from the
trap, before they engaged in inelastic collisions with the
|2, +2〉 atoms. The atoms were loaded into a weak mag-
netic trap, with a high bias field of 80 G. This field
splits the F = 2 Zeeman sub-levels by ∼ kB × 2.8 mK.
Since this splitting was larger than the temperature of
the cloud, the different states could be resolved in mi-
crowave or rf spectroscopy, and the |F = 2, mF = 0, +1〉
atoms could be selectively transferred to the untrapped
|F = 1, mF = 0, +1〉 lower hyperfine states. This transfer
was done with a microwave sweep near the 23Na hyperfine

splitting of 1.77 GHz. In this way, all the |2, +2〉 atoms
initially loaded into trap could be preserved. We were
even able to “recycle” some of the untrapped atoms by
optically pumping them out of the F = 1 ground states,
thus giving them a “second chance” to fall into the |2, +2〉
state. The final setup consisted of two microwave sweeps,
the first of 0.8 s duration with the optical pumping light
on, and the second of 2.4 s duration without the light. In
this way, the overall transfer efficiency from the MOT to
the magnetic trap was improved to about 35 %, compa-
rable to our standard F = 1 BEC experiments [27].

After this purification of the |2, +2〉 sample, the mag-
netic trap was tightened by reducing the bias field
to 3.8 G in 2.4 s. Resulting trapping frequencies were
204 Hz (400 Hz) radially, and 34 Hz (67 Hz) axially for the
sodium (lithium) stretched state. This provided good
conditions for forced runaway evaporation of sodium.
Evaporation was done on the |2, +2〉 → |1, +1〉 mi-
crowave transition near 1.77 GHz. In contrast to radio-
frequency evaporation, this insured that 6Li was far off
resonance. Further, microwave evaporation avoided any
undesirable aspects of “incomplete evaporation” into the
|F = 2, mF = 0, +1〉 states, which could lead to inelastic
losses [28].

After 15 s of evaporation, the sodium atoms reached a
temperature of T ∼ 10 µK. At this point, to avoid three-
body losses in the |2, +2〉 state [24], the trap was weak-
ened to frequencies of 49 Hz (96 Hz) radially, and 18 Hz
(35 Hz) axially for sodium (lithium). The final evapora-
tion to BEC took another 15 s. In this way, in the absence
of lithium atoms, we could produce almost pure |2, +2〉
BECs containing up to 10 million atoms. The lifetime of
the BEC in the weak trap was longer than 3 s. In contrast
to our previous work [24,25], studies of F = 2 conden-
sates are now possible without the added complexity of
an optical trap.

In conclusion, by creating a superior refrigerant for
sympathetic cooling of 6Li, we have produced the cold-
est and by far the largest quantum degenerate Fermi gas
so far. With the number of atoms comparable with the
largest alkali BECs, and the temperatures reaching the
practical detection limit, we have fully exploited the po-
tential of laser and evaporative cooling to engineer sam-
ples of ultracold fermions. In analogy with Bose-Einstein
condensates, we expect these large samples to insure
sufficient signal-to-noise ratio for all the standard tech-
niques of BEC research, such as velocimetry using long
expansion times, rf spectroscopy with Stern-Gerlach sep-
aration during ballistic expansion, direct non-destructive
imaging of the trapped clouds, and Bragg spectroscopy.
The next challenge is to maintain a similar combina-
tion of number and temperature for an interacting two-
component Fermi gas [19].

We thank A. E. Leanhardt for critical reading of the
manuscript. This work was supported by the NSF, ONR,
ARO, and NASA.
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Radio-Frequency Spectroscopy of

Ultracold Fermions
S. Gupta,1* Z. Hadzibabic,1 M. W. Zwierlein,1 C. A. Stan,1

K. Dieckmann,1 C. H. Schunck,1 E. G. M. van Kempen,2

B. J. Verhaar,2 W. Ketterle1

Radio-frequency techniques were used to study ultracold fermions. We ob-
served the absence of mean-field “clock” shifts, the dominant source of sys-
tematic error in current atomic clocks based on bosonic atoms. This absence
is a direct consequence of fermionic antisymmetry. Resonance shifts propor-
tional to interaction strengths were observed in a three-level system. However,
in the strongly interacting regime, these shifts became very small, reflecting the
quantum unitarity limit and many-body effects. This insight into an interacting
Fermi gas is relevant for the quest to observe superfluidity in this system.

Radio-frequency (RF) spectroscopy of ultra-

cold atoms provides the standard of time.

However, the resonance frequencies of ultra-

cold atoms are sensitive to interactions be-

tween atoms, leading to the so-called clock

shifts of the unperturbed resonances (1).

These shifts limit the accuracy of current

atomic clocks (2, 3), but can also be used to

characterize atomic interactions.

RF spectroscopy has previously been ap-

plied to cold atoms to determine the size and

temperature of atom clouds (4, 5). RF meth-

ods have also been used for evaporative cool-

ing, for preparing spinor Bose-Einstein con-

densates (BECs) (6, 7), and as an output

coupler for atom lasers (5, 8). In all these

experiments, shifts and broadenings due to

atomic interactions were negligible. Recent-

ly, density-dependent frequency shifts of RF

transitions were observed in rubidium (9) and

sodium (10) BECs. These frequency shifts

are proportional to the difference in mean-

field energies of two internal atomic states

and allow scattering lengths to be extracted.

Mean-field shifts in BECs have also been

observed by optical spectroscopy (11, 12).

Here, we apply RF spectroscopy to ultra-

cold clouds of fermions and demonstrate sev-

eral phenomena: (i) the absence of a clock

shift in a two-level system because of fermi-

onic antisymmetry, (ii) the emergence of

mean-field shifts in a three-level system after

the relaxation of pair correlations, (iii) the

limitation of mean-field shifts because of the

unitarity limit, and (iv) the universality of the

interaction energy in a dense cloud, indepen-

dent of the attractive or repulsive nature of

the two-particle interactions.

Research in ultracold fermions has ad-

vanced rapidly, with six groups now having

cooled fermions into quantum degeneracy (13–

18). A major goal of this research is to induce

strong interactions by tuning magnetic fields to

scattering resonances (called Feshbach reso-

nances). Under these conditions, Cooper pairs

of fermions may form, leading to superfluidity.

This would establish a model system for study-

ing Bardeen-Cooper-Schrieffer (BCS) pairing

at densities nine orders of magnitude lower than

in previous realizations in 3He and supercon-

ductors. We show that RF spectroscopy can be

used to characterize interactions between fermi-

ons in the regime where superfluidity has been

predicted (19, 20).

Our experimental technique for preparing

ultracold fermions has been considerably

improved since our earlier work (17, 21).

Because the Pauli exclusion principle sup-

presses elastic collisions between identical

fermions at low temperatures and prevents

evaporative cooling, we cooled fermionic 6Li

sympathetically with bosonic 23Na loaded

into the same magnetic trap. In contrast to

previous work, we cooled both species in

their upper hyperfine states (23Na: �F,mF� �
�2,�2�, 6Li: �F,mF� � �3⁄2,�3⁄2�, where F and

mF are the quantum numbers for the total spin

and its z component, respectively. This led to

a reduction of inelastic loss processes and

boosted our final fermion atom numbers by

two orders of magnitude. We could produce

BECs that contained up to 10 million sodium

atoms in the �2,�2� state by evaporatively

cooling pure bosonic samples in the magnetic

trap. For a Bose-Fermi mixture, the finite

heat capacity of the bosons limited the final

lithium temperature after the 30-s evapora-

tion cycle to �0.3 TF for 10 million fermi-

ons and �TF for 50 million fermions (22),

where TF is the Fermi temperature.

The spin states of 6Li of most interest for

superfluid pairing are the two lowest states

�1� and �2� (�1⁄2,�1⁄2� and �1⁄2,�1⁄2� at low

field), which are predicted to have an inter-

state s-wave (23) Feshbach resonance at

�800 G (24, 25). However, both states are

high-field–seeking at these fields, which

makes them unsuitable for magnetic trapping.

We therefore transferred the atoms into an

optical trap. For these experiments, 6 to 8

million �3⁄2,�3⁄2� lithium atoms were loaded

into the optical trap at temperature T � TF �
35 �K (26). The atoms were then transferred

to the lowest energy state �1�, with an adia-

batic frequency sweep around the lithium

hyperfine splitting of 228 MHz. Magnetic

fields of up to �900 G were applied, a range

that encompasses the �1� � �2� Feshbach

resonance. Using RF-induced transitions near

80 MHz, we could create mixtures of states

�1�, �2�, and �3� (�3⁄2, �3⁄2� at low field) and

explore interactions between fermions in

these states.

Collisions between atoms cause a shift of

their energy, which is usually described by the

mean-field effect of all the other atoms on the

atom of interest. For example, atoms in state �2�
experience an energy shift, [(4�	2)/(m)]n1a12,

that is due to the presence of atoms in state �1�.
Here 	 is Planck’s constant h divided by 2�, m

is the mass of the atom, n1 is the density of �1�
atoms, and a12 is the interstate scattering length

between states �1� and �2�. We use the conven-

tion that positive scattering length corresponds

to a repulsive interaction. Density-dependent

shifts of the resonance frequency for the tran-

sition that connects two states have been ob-

served in laser-cooled (1) and Bose-condensed

(9, 10) clouds.

In the case of ultracold fermions, only

interactions between different internal states

are allowed. For a system of density n, let us

compare the energy of a gas prepared purely

in state �1� to a gas in which one atom is

transferred into state �2�. The energy differ-

ence is h
12 � [(4�	2)/(m)]na12, where 
12

is the resonance frequency of the noninteract-

ing system. Similarly, the energy difference

between a gas prepared purely in state �2� and

a gas in which one atom is transferred into

state �1� is h
12 � [(4�	2)/(m)]na12.

However, these energy shifts should not

affect the resonance for a coherent transfer

out of a pure state. For fermions in the initial

pure state, the pair-correlation function van-

ishes at zero distance because of the antisym-

metry of the wave function. During any co-

herent transfer process, the state vectors of all

the atoms rotate “in parallel” in Hilbert space;

i.e., the superposition of the two spin states
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has the same relative phase for all atoms.

Thus, the atoms remain identical and cannot

interact in the s-wave regime. The mean-field

energy is thus established only after the co-

herence of the superposition state is lost and

the pair correlations have relaxed, forming a

purely statistical mixture of the two states.

It is a consequence of Fermi statistics

that spectroscopic methods do not measure

the equilibrium energy difference between

the initial and final state of the system, but

rather measure the unperturbed resonance

frequency. The expected absence of the

clock shift has led to suggestions for the

use of fermions in future atomic clocks

(27 ). Our work presents an experimental

demonstration of this phenomenon.

We determined the transition frequency be-

tween states �1� and �2�, first starting with a pure

state �1� and then with a pure state �2� sample.

The absence of a splitting between these two

lines proves the suppression of the clock shift.

Fig. 1 shows an example of such measure-

ments. The magnetic field was ramped up to

570 G with the cloud in state �1�. At this field,

a12 � 150a0. Therefore, the expected equilib-

rium mean-field shifts were �
 � �5 kHz for

our mean density of 3  1013 cm�3 (28). The

interaction between states �1� and �2� at this

magnetic field was also observed in the mutual

evaporative cooling of the two states in the

optical trap. RF pulses 140 �s in duration were

applied at frequencies near the unperturbed res-

onance 
12 � 76 MHz. Atoms in states �1� and

�2� could be monitored separately by absorption

imaging, because they are optically resolved at

this field. We observed a suppression of the

clock shift by a factor of 30 (Fig. 1). Using the

same method, we observed the absence of a

clock shift at several other magnetic fields. In

particular, we observed a suppression of more

than three orders of magnitude at �860 G (29).

P-wave interactions (23) could lead to a

nonvanishing clock shift. However, at these

low temperatures, they are proportional to T

or TF, whichever is higher, and are therefore

strongly suppressed.

We can observe mean-field shifts and

scattering lengths spectroscopically by driv-

ing transitions from a statistical mixture of

two states to a third energy level. [While this

work was in progress, use of a similar method

to measure scattering lengths in fermionic
40K was reported (30).] Specifically, we re-

corded the difference between the RF spectra

for the �2� 3 �3� transition in the presence

and in the absence of state �1� atoms. The

presence of atoms in state �1� is then expected

to shift the resonance by (31).

�
 �

2	

m
n1(a13 � a12) (1)

In our experimental scheme to determine the

interaction energy at different magnetic fields

(Fig. 2), the system was prepared by ramping

up the magnetic field to 500 G with the atoms

in state �1�. Either partial or complete RF

transfer to state �2� was then performed. The

number of atoms in state �1� was controlled

by adjusting the speed of a frequency sweep

around the �1� 3 �2� resonance. A fast, non-

adiabatic sweep created a superposition of the

two states, whereas a slow, adiabatic sweep

prepared the sample purely in state �2�. A

wait time of 200 ms was allowed for the

coherence between states �1� and �2� to decay

and the system to equilibrate.

Typical parameters for the decohered �1�
– �2� mixture were mean-density n1 �
2.4  1013 cm�3 and T � 0.7 TF. The

magnetic field was then changed to the

desired value, and the transition from state

�2� to state �3� was driven with 140-�s RF

pulses (Fig. 2C). We monitored the appear-

ance of atoms in state �3� and the disap-

pearance of atoms from state �2�, using

simultaneous absorption imaging. Fig. 2D

shows the unperturbed and perturbed reso-

nances at the magnetic field B � 480 G.

The position of the unperturbed resonance

Fig. 1. Absence of the clock shift. RF transitions
were driven between states �1� and �2� on a
system prepared purely in state �1� (solid cir-
cles) and purely in state �2� (open circles).
Mean-field interactions would have resulted in
5-kHz shifts for the two curves in opposite
directions. Gaussian fits (solid lines) to the data
are separated by 0.04 � 0.35 kHz. This gives a
clock-shift suppression factor of 30. Arb., arbi-
trary units.

Fig. 2. Schematic of the mean-
field measurement and represen-
tative spectra at 480 G. (A) Hy-
perfine structure of the ground
state of 6Li. (B and C) Experimen-
tal scheme: (B) Preparation of a
mixture of atoms in states �1�
and �2�, and (C) RF spectroscopy
of the �2� 3 �3� transition using
a variable radio frequency (
RF).
(D) The fraction of atoms trans-
ferred from �2� to �3�, with �1�
atoms absent (solid circles) and
present (open circles). The
mean-field shift is computed
from Gaussian fits to the data
(solid lines). (E) Spatial images of
state �3� for the perturbed reso-
nance. The optical trap was
turned off immediately after the
RF pulse and absorption images
of the atoms were taken after
120 �s of expansion time. The
central section of �150-�m ver-
tical extent was used to extract
the transferred fractions in (D).
(E) also shows images of states
�2� and �1� for zero RF detuning.
States �3� and �2� were imaged
simultaneously to observe their
complementary spatial struc-
ture. State �1� was imaged after
760 �s of expansion time to
record its density for normaliza-
tion purposes.
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23 also determines the magnetic field to an

accuracy of �0.1 G. Fig. 2E shows absorp-

tion images of atoms in state �3�, obtained

for different values of the applied radio

frequency. One can clearly see the spatial

dependence and thus the density depen-

dence of the mean-field shift: Close to the

unperturbed resonance, the low-density

wings of the cloud are predominantly trans-

ferred, whereas the high-density central

part of the cloud is transferred only at

sufficient detuning. To suppress spurious

effects from this spatial dependence, only a

small central part of the images was used to

extract the transferred atomic fraction.

To ensure that our mean-field measure-

ments were performed on a statistical mix-

ture, we measured the time scale for decoher-

ence in our system. The decay of the �1� � �2�
coherence at 500 G was observed by moni-

toring the �2� 3 �3� transfer at the measured

unperturbed resonance 
23, as a function of

wait time (Fig. 3). For wait times that are

small compared to the decoherence time of

the �1� � �2� superposition, the �2�3 �3� RF

drive places each atom in an identical three-

state superposition. All mean-field shifts are

then absent and the resulting transfer is un-

changed from the unperturbed case. For long-

er wait times, the �1� � �2� superposition

decoheres and mean-field interactions set in.

This shifts the resonance frequency of the �2�
3 �3� transition, reducing the transferred

fraction at 
23. The measured decoherence

time of �12 ms was attributed mainly to the

sensitivity of 
12 to magnetic field variations

across the cloud. These inhomogeneities

cause the relative phase of the �1� � �2�
superposition in different parts of the trap to

evolve at different rates, given by the local


12. Atoms that travel along different paths

within the trap therefore acquire different

phases between their �1� and �2� components.

Being no longer in identical states, s-wave

interactions between them are allowed. The

inhomogeneities scale with B, whereas the

sensitivity of the transition scales with �
12/

�B. We would thus expect the decoherence

time to vary inversely with the product of

these two quantities. Our hypothesis is sup-

ported by our observation of longer decoher-

ence times at higher fields, where B  �
12/

�B is lower.

Fig. 4A summarizes the results of our

mean-field measurements for a wide range of

magnetic fields up to 750 G. For magnetic

fields up to 630 G, our data can be explained

fairly well by using Eq. 1 with the theoretical

calculations of the scattering lengths shown

in Fig. 4B and an effective density of n1 �
2.2  1013 cm�3, which is consistent with

the initial preparation of the system at 500 G.

A narrow resonance of a12 at �550 G (21,

25, 32) is indicated by the data but was not

fully resolved. We also see additional struc-

ture near 470 G, which is not predicted by

theory and deserves further study.

For fields above 630 G, the measured shifts

strongly deviated from the predictions of Eq. 1,

indicating a different regime of interactions. In

the region between 630 G and 680 G, the two

scattering lengths are expected to be large and

positive, with a13 �� a12 (Fig. 4B). Eq. 1 would

thus predict large positive mean-field shifts. In

contrast, we observe very small shifts, indicat-

ing almost perfect cancellation of the two con-

tributions. We also observe essentially no mean-

field shifts between 680 G and 750 G, where the

two scattering lengths are predicted to be very

large in magnitude and of opposite signs, and in

a simple picture should add up to a huge nega-

tive shift. These results are evidence for phe-

nomena in a strongly interacting system, where

the scattering length becomes comparable to

either the inverse wave vector of interacting

particles or the interatomic separation.

Eq. 1 is valid only for low energies and

weak interactions, where the relative wave

vector of the two particles, k, satisfies k ��
1/�a�. For arbitrary values of ka, the s-wave

interaction between two atoms is described

by replacing the scattering length a with the

complex scattering amplitude f.

f �

� a

1�k2a2 (1�ika) (2)

The real part of f, Re( f ) determines energy

shifts, and hence the ground state properties of

an interacting many-body system. The imagi-

nary part, Im( f ) determines the (inverse) life-

time for elastic scattering out of a momentum

state, and hence the dynamic properties of the

system such as thermalization rates. For k�a�3
�, the elastic cross-section � � 4�Im( f )/k

monotonically approaches the well known

“unitarity-limited” value of 4�/k2. On the other

hand, the two-particle contribution to the mean-

field energy, proportional to �Re( f ) � a/(1 �
k2a2) peaks at �a� � 1/k and then, counter-

intuitively, decreases as 1/�a� for increasing �a�.
Averaging Re( f ) over a zero-temperature

Fermi distribution with Fermi momentum 	kF

limits its absolute value to 1.05/kF and marked-

ly weakens its dependence on the exact value of

a in the kF�a� � 1 regime (33). This results in a

prediction for the mean-field energy that is

sensitive to the sign of the scattering length,

remains finite for kF�a� �� 1, and never exceeds

0.45 EF, where EF is the Fermi energy. Hence,

Fig. 3. Emergence of mean-field shifts due to
decoherence at 500 G. Decoherence leads to a
reduction of the �2� 3 �3� transfer at the
unperturbed resonance 
23. An exponential fit
to the data (solid line) gives a time constant of
12 ms.

Fig. 4. Spectroscopic measurement of interaction energy. (A) Frequency shift versus magnetic field
for the �2�3 �3� resonance due to atoms in state �1�. The shifts are computed by monitoring the
arrival fraction in state �3� for 140-�s RF pulses, except at 750 G. At 750 G, because of strong
inelastic losses between �3� and �1� atoms, we monitored the loss of atoms in state �2� after
applying RF sweeps 3 ms in duration and 2 kHz in width. All the data points are normalized to the
same atom number in state �1�. The fit at low fields (solid line) uses Eq. 1 with n1 � 2.2  1013

cm�3 and the theoretical calculations of the scattering lengths. The error bars reflect uncertainty
in the state �1� atom number and the uncertainty in the Gaussian fits to the spectra. The dashed
line indicates the position of the predicted a13 resonance. (B) S-wave scattering lengths a12 and a13
as a function of magnetic field, obtained from a highly model-independent quantum-scattering
calculation. The calculation makes use of the presently available 6Li experimental data (40) in a
coupled channel approach to deduce accumulated phases that characterize the less well-known,
short-range parts of the 6Li � 6Li scattering potential (32). a12 has a narrow Feshbach resonance
at 550 G and a wide one at 810 G. a13 has a wide Feshbach resonance at 680 G.
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this approach could qualitatively explain our

results in the 630 to 680 G region, but it is in

clear contradiction with negligible resonance

shifts in the 680 to 750 G region (34).

We suggest that these discrepancies might

be due to the fact that we are in the high-density

regime, where n�a�3 approaches unity. In a de-

generate Fermi gas, the interparticle spacing is

comparable to the inverse Fermi wave vector,

kF
3 � 6�2n. Hence, the unitarity limit coincides

with the breakdown of the low-density approx-

imation (n�a�3 �� 1) and higher order many-

body effects can become important. Some re-

cent many-body calculations (35–37) suggest

that in the regime kF�a� �� 1 (or n�a�3 �� 1), the

interaction energy is always negative and inde-

pendent of both sign and magnitude of a. This

suggests that whenever the scattering length is

large, either positive or negative, the interaction

energy is a universal fraction of the Fermi en-

ergy (33). This is a possible explanation for the

small line shifts that we observed for fields

higher than 630 G, where the interactions are

strong in both states.

This picture is consistent with other recent

experimental observations (30, 33, 38, 39).

Expansion energy measurements in a mixture

of states �1� and �2� of 6Li (39) showed a

negative interaction energy at 720 G, which is

on the repulsive side of the predicted Fesh-

bach resonance. RF spectroscopy in 40K (30)

has also shown some saturation of the mean

field in the vicinity of a Feshbach resonance,

which may reflect the unitarity limit.

In characterizing an interacting Fermi gas by

RF spectroscopy, we have demonstrated ab-

sence of clock shifts in a two-level system and

introduced a three-level method for measuring

mean-field shifts. For strong interactions, we

have found only small line shifts that may re-

flect both the unitarity limit of binary collisions

and many-body effects. It would be very impor-

tant to distinguish between two-body and many-

body effects by studying the gas over a broad

range of temperatures and densities. In a very

dilute and very cold gas, the weakly interacting

limit could be extended to very large values of

�a�, thus allowing for direct verification of mo-

lecular calculations. This presents experimental

challenges, because cooling changes the density

and the temperature together. It would also be

interesting to study similar phenomena in

bosonic gases, in order to distinguish to what

extent the high density many-body effects de-

pend on quantum statistics. This insight into the

physics of strongly interacting Fermi gases must

be taken into account in the search for superflu-

idity in these systems.
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The Interface Phase and the

Schottky Barrier for a Crystalline

Dielectric on Silicon
R. A. McKee,1* F. J. Walker,1,2 M. Buongiorno Nardelli,1,3

W. A. Shelton,1 G. M. Stocks1

The barrier height for electron exchange at a dielectric-semiconductor interface
has long been interpreted in terms of Schottky’s theorywithmodifications from
gap states induced in the semiconductor by the bulk termination. Rather, we
showwith the structure specifics of heteroepitaxy that the electrostatic bound-
ary conditions can be set in a distinct interface phase that acts as a “Coulomb
buffer.” This Coulomb buffer is tunable and will functionalize the barrier-height
concept itself.

When Schottky (1) and Mott (2) formulated the

barrier-height theory for a metal-semiconductor

junction and later when Anderson (3) formulated

the band-edge offset problem for semiconductor-

semiconductor junctions, there was no consider-

ation given to interface states as contributions

to the electrostatic boundary conditions. The

charge distribution at the interface was treated

simply as a superposition of the bulk-terminated

junction. Certainly these theories have been in-

sightful, but they consistently misrepresent the

barrier height or band-edge offsets because

real interfaces, apparently from interfacial

structure variations, modify the intrinsic band

alignment (4–6).

Although the bulk-termination view of the

problem has been enhanced over the years with

an ever-increasing formalization of theoretical

techniques (7–15), recent bond polarization ar-
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Appendix E

Spectroscopic insensitivity to cold

collisions in a two-state mixture of

fermions

This appendix includes the following manuscript [6]:

M. W. Zwierlein, Z. Hadzibabic, S. Gupta, and W. Ketterle, “Spectroscopic insensitivity

to cold collisions in a two-state mixture of fermions,” cond-mat/0306627 (2003).
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Spectroscopic insensitivity to cold collisions in a two-state mixture of fermions

Martin W. Zwierlein, Zoran Hadzibabic, Subhadeep Gupta, and Wolfgang Ketterle
Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

MIT, Cambridge, MA 02139

(Dated: June 24, 2003)

We have experimentally demonstrated the absence of spectroscopic resonance shifts in a mixture
of two interacting Fermi gases. This result is linked to observations in an ultracold gas of thermal
bosons. There, the measured resonance shift due to interstate collisions is independent of the
coherence in the system, and twice that expected from the equilibrium energy splitting between the
two states in a fully decohered cloud. We give a simple theoretical explanation of these observations,
which elucidates the effect of coherent radiation on an incoherent mixture of atoms.

PACS numbers: 03.75.Ss,05.30.Jp,32.30.Bv,34.20.Cf

The coherence properties of light and matter are in-
timately connected with the quantum statistics of the
constituent particles. One quantitative measure of the
coherence in a system is the two-particle correlation func-
tion at zero distance, g(2), which measures the probability
that two particles are simultaneously detected. Intensity
fluctuations in the incoherent light emitted by a light
bulb lead to photon “bunching”, making this probability
twice higher than in the coherent light of a laser. Identi-
cal fermions on the other hand exhibit “anti-bunching”,
making such a probability zero.

Interactions in ultracold atomic gases crucially depend
on the value of g(2) [1]. The reason is that s-wave scat-
tering relies on particles overlapping in real space. The
interaction energy in a many-body system is determined
by coherent, or “cold” collisions, for which the outgoing
and the incoming two-particle states are identical. Under
this constraint, the two colliding particles can at most do
two things - either preserve their momenta, or exchange
them. We can thus distinguish four cases: (1) Two iden-
tical bosons in a thermal gas can collide in both ways,
corresponding to g(2) = 2, in analogy with a light bulb.
(2) Two atoms in a Bose-Einstein condensate (BEC) have
the same momenta and cannot undergo the exchange in-
teraction. Here, g(2) = 1, in analogy with laser light.
(3) Two distinguishable particles, fermions or bosons,
also cannot exchange their momenta because that would
make the outgoing state different from the incoming one.
Again, g(2) = 1. (4) Two identical fermions cannot col-
lide at all, so g(2) = 0. In all cases, the mean-field energy
of a particle with mass m is given by g(2)(4π~

2/m)an,
where a is the s-wave scattering length, and n is the den-
sity of atoms it interacts with.

In experiments on ultracold hydrogen, mean-field shifts
of the 1S-2S two-photon transition were used to prove the
existence of a BEC [2]. However, quantitative interpre-
tation of the shifts led to a vivid theoretical discussion
about the coherence related “factors of 2” [3, 4, 5, 6].
More recently, Eric Cornell’s group at JILA performed
Ramsey spectroscopy in a two-component, thermal gas of
87Rb bosons to measure g(2) in the interstate collisional

shift [7]. Their measurements yielded g(2) = 2, indepen-
dent of the degree of coherence between the two states.
The spectroscopic results thus seemed to correspond to
the case of all particles being in an identical coherent su-
perposition of the two internal states, even though the
binary mixture was partially decohered and should have
had a mean-field energy corresponding to 1 < g(2) < 2.
The authors commented on this mystery [8]: “it is a plea-
sure to note that a two-level system can still yield sur-
prises, 75 years after the advent of quantum mechanics.”
The mystery can be formally resolved using a quantum
Boltzmann equation [9, 10, 11, 12, 13].

Here, we experimentally address the relation between
coherence and spectroscopic measurements in a binary
mixture of ultracold fermions. We demonstrate that
shifts of spectroscopic lines are absent even in a fully
decohered binary mixture, in which the particles are dis-
tinguishable, and the many-body mean-field energy in
the system has developed. We theoretically show that
this is a direct consequence of the coherent nature of the
RF excitation, and is not dependent on the coherence of
the sample on which spectroscopy is performed. Our cal-
culation intuitively explains both our results for fermions,
and the JILA results for bosons.

In a recent paper [14], we demonstrated the absence of
mean-field “clock-shifts” in a coherent two-state super-
position of 6Li fermions. In this case, RF spectroscopy
was performed on a gas prepared purely in one internal
state. Since an RF pulse acts as a rotation in the two-
state Hilbert space, all the atoms stayed in an identical
(superposition) state and could not interact. As long
as the fermionic atoms were indistinguishable, g(2) = 0,
and the resonance was thus found to be unperturbed at
ν0 = E12

h , where E12 is the energy difference between the
internal states |1〉 and |2〉.

However, once decoherence sets in, for example due
to inhomogeneous magnetic fields across the cloud, the
spatial overlap between atoms in different states grows
and mean-field energy density builds up:

Eint = g(2)V12n1n2, V12 =
4π~

2

m
a12, (1)
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where n1 and n2 are the densities of particles in states
|1〉 and |2〉, and a12 is the interstate s-wave scattering
length. In a fully decohered cloud, we have a binary
mixture of two distinct species of atoms, with a mean-
field energy density Eint = V12n1n2. This interaction
changes the equilibrium energy level of atoms in state |1〉
(|2〉) according to δµ1 (2) = V12n2 (1). The difference in
equilibrium mean-field energy of the two states is then

∆Eint = δµ2 − δµ1 = V12(n1 − n2). (2)

This suggests [7, 8, 14] that in a decohering sample,
the resonant frequency for population transfer between
the two states gradually changes from ν12 = ν0 to
ν12 = ν0 + 1

h∆Eint. Here, we show both experimentally
and theoretically that this conclusion is wrong, and that
the spectroscopic resonance frequency ν12 is always the
unperturbed frequency ν0.

Our experimental setup was described in [14, 15].
Magnetically trapped 6Li fermions were sympathetically
cooled with 23Na bosons, and then transferred into an
optical dipole trap. About 107 atoms were trapped at a
temperature of 35 µK. The two-level system under con-
sideration is formed by the two lowest ground state hy-
perfine levels, |1〉 and |2〉, corresponding to |F,mF 〉 =
|1/2, 1/2〉 and |1/2,−1/2〉 in the low field basis, respec-
tively. A DC magnetic field of B = 320G was applied
to the sample in order to tune the interstate scattering
length a12 to a large value of ∼ −300a0, where a0 is the
Bohr radius [14]. At this field, electronic and nuclear
spins are mostly decoupled, and the two states experi-
ence approximately the same Zeeman shift. This greatly
reduces the effect of magnetic field fluctuations, although
the differential shift is still linear in B, unlike in [7].

We created a superposition of atoms in states |1〉 and
|2〉 using a non-adiabatic RF sweep around the energy
splitting of 74MHz. As the sample decohered, efficient
evaporative cooling set in, confirming a large elastic scat-
tering length. After 1 second, we were left with a fully
decohered mixture at a mean density n = 5× 1013cm−3.
The rate of the RF sweep was adjusted so that after deco-
herence and cooling, 80% of the atoms were in state |2〉.
The mean-field interaction should thus have increased the
energy splitting of the two levels by hδν = δµ2 − δµ1 =
V12(n1 − n2) ≈ h × 10 kHz. Our experiments involving
a third state [14] have confirmed the presence of such
energy shifts.

Rabi spectroscopy in the interacting binary mixture
was performed by applying 200µs RF pulses of different
frequencies, and recording the final populations in the
two states by simultaneous absorption imaging (Fig. 1).
In order to eliminate the systematic uncertainty in the
value of ν0, we performed a second experiment with the
roles of states |1〉 and |2〉 reversed. According to Eq. 2,
one would expect an opposite shift of the resonance.

Within our precision, no interaction shift of the res-
onance frequency was observed. Comparing the ex-

pected difference in mean-field shifts for the two exper-
iments, 2δν = 20 kHz, with the measured line separa-
tion of (34 ± 146)Hz, we arrive at an apparent value for
g(2) = 0.002(7). This demonstrates the universal absence
of a resonance shift in a two-level Fermi gas, independent
of the coherence in the system.
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FIG. 1: Absence of mean-field shift of an RF transition in a
binary Fermi system. The resonance curves were measured
for fully decohered 80%/20% two-state mixtures of fermions.
The measured frequency difference between the two lines is
(34 ± 146) Hz, even though Eq. 2 would predict a splitting of
20 kHz.

Evidently, RF spectroscopy does not measure the ex-
pected difference in thermodynamic chemical potentials
for the two states. Experiments with thermal bosons
have posed a similar puzzle [7]. Here we explain that
this is a direct consequence of the coherent nature of the
RF excitation.

In Fig. 2, the average properties of the many-body
state are described by the three coordinates of the spin-
1/2 Bloch vector m = mzêz + m⊥: mz = n2−n1

2 repre-
sents the population difference in the two states, whereas
the transverse component m⊥ is a measure of the coher-
ence in the system. In polar coordinates, the length of the
Bloch vector measures the purity of the state and hence
the entropy of the system. The polar angle θ encodes
the coherence of the sample. Fully decohered statistical
mixtures are represented by vectors with θ = 0, or equiv-
alently m⊥ = 0, with state A being the special case of
a pure state. In Fig. 2a, state B is created by applying
an RF pulse on a pure sample A. In this case, there is
no interaction energy in the system during the RF pulse,
and no frequency shift is expected [14]. State C is formed
through subsequent decoherence of state B. States B and
C have the same number of particles in |1〉 and |2〉, but
in C the mean-field has fully developed.

Our experiment is performed on a C-like state
(Fig. 2b). Here we explain why Eq. 2 still does not give
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the correct resonance frequency for an infinitesimal trans-
fer of atoms between |1〉 and |2〉. The key point is that
even though the sample is fully decohered, the applied
RF pulse re-introduces coherence into the system. Let
us consider two fully decohered states, C and E. Eq. 2
correctly gives the energy of the transformation C→E.
However, these two states have different entropies, as in-
dicated by Bloch vectors of different lengths. An RF
pulse is a unitary transformation of the system, and must
preserve entropy. The true effect of the RF pulse is thus
to change the relative populations of |1〉 and |2〉 by tilt-
ing the Bloch vector away from the z axis, into state D.
It is the energy of this transformation, C→D, that needs
to be calculated in order to find the correct resonant RF
frequency.
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FIG. 2: Bloch sphere representation of RF transitions. a) An
RF pulse rotates a pure state A into B. The superposition
state decoheres into a “ring” distribution, represented by its
average, C. b) A second RF pulse transforms the fully de-
cohered state C into a partially coherent state D. The final
state E is reached only after further decoherence. c) Transfers
A→B and C→D are coherent and reversible. B→C and D→E
are irreversible.

In the case of fermions, we can prove very generally
that the resonance frequency will always be ν0, by show-
ing that the interaction hamiltonian is invariant under
rotations of the Bloch vector. The interstate s-wave in-
teraction is described by the second-quantized hamilto-
nian density

Hint = V12ψ
†
1(r)ψ

†
2(r)ψ2(r)ψ1(r). (3)

Under a general rotation, described by polar angles θ, φ,
the field operators ψ†

1,2 transform according to:

ψ†
1θ,φ = cos θ

2 e−iφ/2 ψ†
1 + sin θ

2 eiφ/2 ψ†
2

ψ†
2θ,φ = − sin θ

2 e−iφ/2 ψ†
1 + cos θ

2 eiφ/2 ψ†
2 (4)

Using the standard fermionic anticommutation relations
(ψ1ψ2 = −ψ2ψ1, ψ1ψ1 = 0 etc. ), it is easy to show that:

Hθ,φ
int = V12ψ

†
1θ,φ(r)ψ†

2θ,φ(r)ψ2θ,φ(r)ψ1θ,φ(r)

= V12ψ
†
1(r)ψ

†
2(r)ψ2(r)ψ1(r) = Hint (5)

We therefore see that an RF-induced rotation on the
Bloch sphere commutes with the interaction hamiltonian,

and hence does not change the energy of the many-body
state. It is then obvious that the resonant frequency will
always be ν0, independent of the coherence of the system.

We now present a more general calculation of the
mean-field frequency shifts, which holds for both
fermions and bosons. To reduce complexity and concen-
trate on the only controversial case of interstate inter-
actions, we consider a fictitious boson with no intrastate
interactions (a11 = a22 = 0). The mean-field expectation
value of the hamiltonian in Eq. 3 is [16]

Eint = 〈Hint〉 = V12(n1n2 + ε n12n21),

g(2) = 1 + ε
n12n21

n1n2
, (6)

where n1 = 〈ψ†
1ψ1〉 and n2 = 〈ψ†

2ψ2〉 are the densi-
ties in the two states, we have introduced “coherences”
n12 = 〈ψ†

1ψ2〉 and n21 = 〈ψ†
2ψ1〉, and ε = ±1 for

bosons/fermions. In a fully coherent sample n12n21 =
n1n2 and g(2) = 1 + ε. As decoherence sets in, g(2) in-
creases (decreases) from 0 (2) to 1 for fermions (bosons).
For the most general case of a partially decohered sample,
we can rewrite Eq. 6 in terms of the Bloch vector:

n1 = n
2 −mz, n2 = n

2 +mz

n12 = mx + imy, n21 = mx − imy

n12n21 = m2
x +m2

y = m2
⊥, (7)

where n is the total particle density. This gives

Eint = V12
n2

4
− V12m

2
z + εV12m

2
⊥

= V12
n2

4
+ εV12 |m|

2
− (1 + ε)V12m

2
z. (8)

Two states with same numbers of atoms in |1〉 and |2〉,
but different levels of coherence, have the same mz, but
different |m⊥| (e.g. states D and E in Fig. 2b). Again we
see that two such states indeed have different interaction
energies.

Now, let us evaluate the effect of coherence on the res-
onant RF frequency. A coherent RF excitation preserves
entropy (|m| = const.), and the total density n. In an
infinitesimal tilt of the Bloch vector, the density of atoms
transferred from |1〉 to |2〉 is dn2 = −dn1 = dmz . There-
fore, the change of interaction energy per transferred par-
ticle, and thus the shift in the resonant frequency ∆ν,
comes out to be

∆ν =
1

h

∂Eint

∂mz

∣

∣

∣

∣

n, |m|

=
1

h
(1 + ε)V12 (n1 − n2). (9)

In analogy with a spinning top which precesses in the
gravitational field, the resonant frequency for an infinites-
imal tilt of the Bloch vector is also equal to the frequency
of its free precession. In the traditional language of
atomic physics, this analogy just reiterates that Rabi [14]
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and Ramsey [7] spectroscopy measure the same charac-
teristic frequency of the system. The striking result is
that in contrast to the interaction energy (Eqs. 6, 8), the
precession of the Bloch vector, or equivalently the RF
frequency shift (Eq. 9), does not dependent on the level
of coherence in the sample. Equation 9 explains both our
measurements with fermions, and the JILA experiment
with thermal bosons [7].

θ

θ

�

����� � �	��

� ����	�

� 
 ��


2

θ

θ

�

����� � �����
� ����	�

� � ���

� � ! �

1

2

1"$#&% ')( *&+-, ./*$,-*&+-,

FIG. 3: Mean-field represented as effective magnetic field.
a) Fermions: The exchange and direct interaction add up to
form a magnetic field aligned with the average spin (V12 < 0
in the drawing). The net torque vanishes and the Bloch vec-
tor m precesses at the unperturbed frequency ν0. b) Bosons:
The exchange interaction has opposite sign than for fermions.
It exerts a torque on the average spin equal to the torque
induced by the direct interaction, as can be seen by compar-
ing the two cross products with m. The Bloch vector thus
precesses at ν0 plus twice the frequency shift due to direct
interaction.

In order to further elucidate the role of coherences in
the precession of the Bloch vector, we employ the inter-
pretation of the mean-field energy as the interaction of
the average spin with an effective magnetic field [12, 13].
Using Eq. 8, we obtain [17]

Eint = const.−
1

2
Beff · m

Beff = 2V12 (mzêz − εm⊥). (10)

In this picture, the precession of the spin due to inter-
actions is driven by the torque Beff × m. The magnetic
field along the z axis is induced by the direct interac-
tion, and has the same sign for fermions and bosons
(Fig. 3). The transverse magnetic field comes from the
exchange interaction, and has opposite signs for fermions
and bosons. For fermions, Beff is parallel to m (Eq. 10)
and hence does not cause any precession. Equivalently,
the direct and exchange interaction exert torques equal
and opposite to each other. For bosons, the two con-
tributions add up to yield exactly twice the precession
frequency given by the direct interaction alone. During
decoherence, the exerted torque shrinks in proportion to
the decaying transverse spin. Therefore, the precession
frequency remains constant, no matter how small the co-
herences are.

In addition to the effects discussed here, interactions
in inhomogeneous samples can lead to spin waves [9, 10,
12, 18, 19] both in bosonic and fermionic gases.

In conclusion, we have demonstrated the absence of the
mean-field shift of RF transitions in a fully decohered, in-
teracting binary mixture of fermions. This was explained
by proving the invariance of the interaction energy under
coherent Hilbert space rotations. This result is relevant
for the potential use of a fermionic atom supplying the
frequency standard in an atomic or optical clock, since
it implies a robust elimination of the systematic errors
due to density dependent frequency shifts. Previously,
the absence of such clock shifts was explained by the
absence of mean-field energy in a purely coherent super-
position state [14]. Now we have shown that there is no
spectroscopic shift even after decoherence has led to mea-
surable mean-field energies. Further, we have presented
a simple theoretical framework for calculating the pre-
cession frequency of the Bloch vector which describes an
arbitrary spin state of either fermions or bosons. This
resolves “The Mystery of the Ramsey Fringe that Didn’t
Chirp” [8] with a simple and intuitive picture.
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